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In  the  monograph  problems  are  considered  which  are  connected 
with  the  study  of  the  characteristics  of  strength  and  the  carrying 
capacity  of  nonmetallic  materials  and  structural  elements  which 
operate  under  conditions  of  a  one-sided  load  and  sharp  thermal 
cycling.  Original  methods  and  installations  are  described  and 
results  are  given  from  investigation  of  the  strength  and  carrying 
capacity  of  reinforced  plastics,  devitrified  glasses,  refractory 
materials  and  heat-resistant  coatings  in  the  case  of  nonuniform 
heating.  An  analysis  is  made  of  the  methods  of  criterial  evalua¬ 
tion  of  heat  strength  of  reinforced  plastics  in  the  case  of 
one-sided  heating. 
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resistance,  when  in  a  meterial  temperature  gradients  arise  which 
are  regular  or  irregular  in  time.  A  study  of  the  mechanical  prop¬ 


erties  of  nonmetallie  materials  and  structural  elements  made  from 


them  in  the  case  of  nonuniform  heating  is  possible  only  on  instal¬ 
lations  which  to  the  maximum  degree  imitate  the  real  conditions 
both  in  the  nature  and  level  of  force  and  heat  loads  and  in  the 
conditions  of  their  action.  In  connection  with  this,  in  the  initial 
phase  of  the  investigations  the  need  arose  for  developing  methods 
of  intense  heating  of  the  nonmetallie  materials  and  the  correspond¬ 
ing  test  installations.  Chapters  III  and  VI  of  this  monograph 
deal  with  the  description  of  developed,  and  those  which  have  been 
accepted  in  practice,  effective  methods  of  heating  by  the  method 
of  electrical  resistance  and  with  the  help  of  radiant  energy  from 
a  high-temperature  emitter  on  the  sample,  and  other  methods,  and 
also  of  constructions  of  different  heating  installations  and  devices 
intended  for  mechanical  testing  under  conditions  of  intense 
one-sided  heating  arid  sharp  heat  changes. 

Chapters  II,  IV,  V  and  VI  give  a  description  of  installations 
for  testing  in  the  case  of  one-sided  heating  and  some  results  are 
given  which  relate  to  the  heat  strength  of  fiber  glasses  under  con¬ 
ditions  of  temporary  one-sided  heating  and  the  heat  resistance  of 
refractory  materials  in  the  case  of  sharp  heat  changes.  The  re¬ 
sults  of  the  investigation  of  mechanical  characteristics  given  In 
Chapters  V  ana  VI  were  obtained  at  the  Institute  of  Strength  Prob¬ 
lems,  AS  UkSSR  during  the  last  two-three  years. 

The  author  expresses  his  sincere  thanks  to  Academician  G.  S. 
Pisarenko,  AS  USSR  for  systematic  consultation  in  the  preparation 
of  the  manuscript,  and  also  thanks  to  coworkers  A.  F.  Beloivan, 

V.  V.  Vengzhen,  G.  A.  C-ogots,  V.  S.  Dzyuba,  B.  A.  Lyashenko, 


V.  V.  Paseehniy, 


Yu.  M.  Rodichev  and  V.  I.  Eksin,  who  took  part 


in  the  works,  the  results  of  which  have  been  used  in  this  book. 
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Chapter  1 

Mechanical  Properties  of  Nonmetallic  Materials 
during  Short-Term  Heating  and  Loading 
1.  Physical-mechanical  properties  of  structural  nonmetallic  materials 

The  requirements  of  structural  materials  are  quite  diverse.  It  is 
necessary  tnat  such  materials,  in  use,  have  properties  which  will  ensure 
the  strength  end  the  carrying  capacity  to  support  the  structural  unit  at 
elevated  and  high  temperatures,  a.nc  under  a  complex  combination  of  power 
and  thermal  eifects  which  change  with  time  and  frequently  are  of  a  random 
nature. 

In  use,  one-sided  heating  or  cooling  of  the  piece  and  sudden  one-time 
or  cyclical  heat  changes  are  quite  prevalent.  One-sided  heating  or  cooling 
takes  place  on  any  walls  or  within  partitions  which  divide  the  atmosphere 
into  different  temperatures  -  elevated  or  room,  room  or  low.  Other 
combinations  of  temperature  are  also  possible,  for  example  during  the 
temperature  conditions  of  pipeline  operation  for  transporting  heated  or 
cooled  liquids, 

Cne-siced  intense  aerodynamic  heating  is  used  typically  for  the  cuter 

coverings  of  high  speed  aircraft  and  engine  housings.  During  one-sided 

heating  of  material,  the  temperature  fields  as  a  rule  are  ncnsieady  and 

nonuniform.  The  ncnsteadiness  of  the  temperature  field  is  determined  by 

cT 

the  rate  of  the  temperature  change  d  %  (where  g  -  time)  of  the  fixed 
simple  volume  of  the  material  and  absolute  value  of  the  highest  temperature 
difference  (62). 
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The  n  on  u  n  i  f  o  r  mi  ty  of  the  one  dimensional  field  in  the  material  is 

d? 

characterized  by  the  temperature  gradient  ax  (where  x  -  interval), 

which  is  the  differential  characteristic  of  non uniformity  and  temperature 

crops  (A  T)^+  T.]  -  ?p  (where  T-<  and  T2  -  are  temperatures  of  the  outer  and 
U  ~ 

inner  surfaces  of  the  dividing  wall  material,  respectively),  and  is  the 
integral  indicator  of  nonuniformity.  In  addition,  the  temperature  field 
is  characterized  by  a  degree  of  symmetry.  In  one-sided  heating  it  is 
asymmetrical  relative  to  the  surface,  passing  across  the  width  of  the 
material. 

In  general  terms  we  will  examine  the  effect  of  temperature  and  load 
as  a  function  of  time  on  certain  mechanical  properties  of  the  material  and 
the  supporting  capacity  of  the  aircraft  construction.  The  operating 
conditions  cf  the  aircraft  produce  high  thermal  and  power  stresses  on  its 
most  critical  parts.  Heat  flows  Q,  acting  on  certain  structures  (99)  reach 
32CCO  kvt/m^  r  •*  higher  (Fig.  1).  Aerodynamic  heating,  accompanying  flight 
at  supersonic  s,  -ds,  greatly  increases  the  temperature  of  the  structural 
elements. 


1.  Typical  curves  of  aerodynamic  heating  of  missiles  curing  entry  into 
dense  layers  of  atmosphere 

1  -  average  radius  of  action  ballistic  missile; 

2  -  intercontinental  ballistic  missile; 

3  -  intercontinental  gliding  missile  with  jet  booster; 

4  -  missile  -  satellite; 

5  -  suoerorki tal  space  missile. 


Heat  exchange  is  produced  by  thermal  conductivity,  convection,  and 
radiation  (29,  1  55) .  When  the  air  flow  at  hypersonic  speeds  is  blocked 
due  to  obstacles  which  it  encounters,  kinetic  energy,  corresponding  to 
the  average  speed  of  air  molecules,  transforms  itself  into  the  energy  of 
the  disordered  molecule  movement,  atomic  fluctuation,  dissociation  of 
diatomic  oxygen  and  nitrogen  of  the  air  into  monatomic  gases  with  the 


formation  of  nitrogen  oxide  and  ionization 


(TC 


sea.  Onlv  the  first  of 


these  phenomena  occurs  at  low  supersonic  speeds  and  manifests  itself  in 
higher  air  temperatures.  The  hot  adjoining  air  layer  surrounds  the  aircraft 
and  heats  the  structure.  When  the  speed  is  increased  the  action  of  other 
forms  of  thermal  excitation  increases. 

The  temperature  of  the  blocked  air  layer,  i.s.  the  temperature  in  the 
region  around  the  obstacle,  where  the  relative  rate  of  flow  is  zero,  is 
considerably  above  2?00CK  at  Mach  number  M  =  8  (114).  At  M  =  20  (126) 
the  maximum  temperature  corresponding  to  the  quasi -equilibrium  state,  is 
2p000 °K.  High  temperature  heating  has  an  adverse  effect  on  the  elastic 
anc  strength  characteristics  of  structural  materials  -  it  lowers  the 
modulus  of  elasticity,  yield  strength,  and  tensile  strength.  Intense 
thermal  flows,  directed  inside  the  structure,  due  to  uneven  temperature 
distribution  in  the  elements,  produce  widespread  temperature  gradients, 
which  are  the  cause  of  thermal  stresses  that  can  exceed  material  strength 
and  cause  losses  ir.  stabilitv  or  failure. 
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'feet  of  high  temperature  is  e/icer.t  also  in  the  fact  that  even 


at  comparatively  low  stresses  a  creec  in  the  material 


ce  ocserveo. 


Drees  deformation  due  to  uneven  distribution 


stresses  anc  temperature  over 
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;rate  elements  of  the  structure  results  in  cist' 
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the  structure.  Creec  also  causes  redistribution  of  stresses  in  the  structure 
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losses  in  stability  along  the  compressed  rods.  During  high  temperature 
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heating  an  intense  oxidation  occurs  which  leads  to  metal  failure. 

The  phenomena  described  are  seen  most  frequently  during  long-term 
t  can  occur  also  with  short-term  thermal  loads.  In 
.  is  necessarv  also  to  consider  the  influence  of 


thermal  load 
supersonic  s 


;ec£ 


temperature  and  time.  No  one  structure  is  reliable 


{ on£  time  aenc^  tj* 


or  an  unspeciliec 

emperature. 
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becomes  r.eatec  to  an  impermi:  _ 

the  suocortinsr  metal  structure  from 


Therefore,  it  is  necessarv  to  orotect 
the  direct  effects  of  hi ~h  temoeratures.  The  effectiveness  of  the  work  of 
the  metal -sooner tine-  structural  carts  can  be  increased  bv  lowering  the 
temperature  gradients  in  it  and  thus  decreasing  the  intensity  of  the  heat 
being  conducted.  At  present  the  inner  portions  of  the  structures  are 
protected  from  excessive  overheating  by  using  heat-protecting  materials 
which  are  applied  to  the  surface  of  the  object  to  be  protected.  In 
sacrificial  heat-protecting  materials  the  process  of  absorption  and 
retardation  or  the  inflowing  heat  is  very  complex  and  induces  simultaneous 
vaporization,  sublimation,  combustion  and  carrying  off  of  the  cracked  and 
fused  material  ^articles  (99). 


Recently  in  structures  which  are  sub led 


heating,  rein: orced  plastics  >vslass-ziber-reinf'orc 


temperature  one-sicec 

pi  Q. 


iStlOS- 


>),  glass— crystalline  materials,  heat-resistant 


/P,  commercial  ^lass,  oxice  refractories  and  other  materials,  are  usee  ae  Heat 

protecting  and  structural  materials  for  the  support: 
n  crime  is!  lie  ™Ei*risls  ssniicncd  hsve  e  icv»  thcnssl  c 
capacity  and  several  other  specific  properties.  Therefore  they 
successfully  jsed  in  short-term  heating  of  various  intensities. 
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Reference  (99)  gives  information  on  heat  protecting  materials  of  the 
"Lockheed”  grade.  These  materials  can  be  modified  for  various  systems  of 
heat  protection.  They  are  a  refractory  fiber  in  an  inorganic  hinder. 

Due  to  their  diverse  density  and  changeable  mechanical  characteristics 
these  materials  have  properties  which  are  not  present  in  homogeneous 
material.  In  some  cases  "Lockheed"  can  he  used  both  as  a  heat  protecting 
and  as  a  structural  material.  The  lower  layer  of  "Lockheed"  is  a 
supporting  base  made  of  high  density  material  and  suitable  for  mechanical 
fixing  to  the  main  structure;  this  is  followed  by  an  intermediate  heat 
insulating  layer  with  low  density  and  a  third  layer,  of  a  medium  density. 
The  type  of  weaving  of  the  separate  layers  determines  the  name  of  the 
material.  Fig.  2  gives  the  mechanical  properties  of  "Lockheed"  grade 
materials  {rf  -  tensile  strength,  E  -  Young' 9  modulus). 
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Fig.  2.  Mechanical  properties  of  "Lockheed"  composition  at 
295 >  ^75  and  p88°K. 

0  -  transverse  bending,  cyclic  stretching  and  axial  compression; 
•  -  uniform  weaving  at  295°K. 


1 .  Inner  diameter 

2.  Weaving  scheme 

3.  Outer  diameter 


Commercial  glass  and  setal  as  well  as  oxide  refractory  materials  have 
high  heat  protecting  properties  and  heat  stability  during  sudden  single 
or  multiple  heat  changes.  Oxide  refractory  materials  are  used  in  the  fora 
of  coating  for  lining  engine  combustion  chambers,  rotating  and  nozzle 
turbine  blades,  antenna  devices  of  aircraft  anc  other  pieces,  and  serve  to 
protect  the  base  material,  of  which  the  piece  was  made,  from  high  temperature 
erosion  and  oxidation  effects  of  the  surrounding  medium.  Such  refractory 
materials  are  aluminum  oxide,  magnesium  oxide,  bilayer  coatings,  which 
are  combinations  of  molybdenum  cisilicicle,  which  is  applied  directly  to  the 
material  to  be  protected,  and  enamels  of  various  compc  »tior,s,  hafnium 
oxide  or  other  refractory  oxides. 

Nonmetallic  materials,  particularly  reinforced  plastics,  are  used  also 
as  structural  material  for  making  the  supporting  elements  of  pieces  which 
simultaneously  undergo  both  high  strength  action  and  the  effects  of  high 
temperatures.  The  behavior  of  structures,  made  from  glass-fiber-reinforced 
materials  and  metals,  which  have  the  same  geometric  sizes  and  operate  under 
conditions  of  short  term  heating,  is  significantly  different.  This  differenc 
is  explained  by  the  characteristics  of  the  thermo-physical  properties  of 
the  gl  ass-fiber-reinforced  plastics.  The  latter  have  a  high  heat  inertia 
due  to  their  low  thermal  conductivity.  The  temperature  conductivity 
coefficient  of  the  widely  used  glass-fiber-reinforced  plastic  AG-4S  is  ICO 
times  lower  than  the  temperature  conducting  coefficient  of  aluminum  or 
magnesium  alloys.  The  result  of  this  is  that  even  in  thin  plates  or  shells 
made  of  glass-fiber-reinforced  plastics  and  even  at  low  heating  rates 
considerable  temperature  drops  occur.  Under  these  conditions  even  in  thin 
metallic  plates  and  shells  the  temperature  redistributes  itself  evenly 
across  the  wall  thickness.  In  glass-fiber-reinforced  materials  heating 


produces  structural  changes,  related  to  softening,  melting,  depolymerization 
and  pyrolysis  of  the  binder,  as  well  as  the  formation  of  a  coke  layer  on 
the  surface  of  the  material,  which  causes  a  softening  of  the  glass-fiber- 
reinforced  material  and  a  worsening  of  its  mechanical  properties.  The 
intensity  of  these  processes  increases  with  a  rise  in  temperature  and  an 
increase  in  heating  time. 

The  low  thermal  conductivity,  high  heat  capacity  and  heat  absorption 
during  pyrolysis  of  the  binder  decelerates  the  penetration  of  heat  inside 
the  wall  and  prevents  a  complete  heat  failure  of  the  material.  Because 
of  this  glass-fiber-reinforced  material,  structures  maintain  a  high 
carrying  capacity  during  ncnsteaay  high  intensity  heating.  The  higher  the 
rate  and  the  lower  the  heating  tine,  the  greater  the  advantages  of 
glass-fiber-reinforced  aaterials  in  comparison  with  metals. 

The  distinctive  characteristics  of  glass-fiber-reinforced  materials 
are  their  high  fatigue  limit  and  corrosion  resistance.  These  materials 
have  a  comparatively  high  strength  characteristic  per  unit  weight  during 
tension,  compression  and  bending,  high  impact  resistance,  a  large  reserve 
strength  (at  this  time  only  a  small  portion  of  the  filler  strength  is 
realized),  making  it  possible  to  control  the  mechanical  properties  in  various 
directions. 

Along  with  this  the  use  of  glass-fiber-reinforced  plastics  is  limited 
due  to  their  inherent  inadequacies.  In  glass-fiber-reinforced  plastics  an 
instability  of  mechanical  properties  with  time  is  characteristic.  During 
prolonged  heating  a  succen  worsening  of  these  properties  at  elevated  and 
high  temperatures  is  observed.  The  advantage  of  the  glass-fiber-reinforced 
plastics  insofar  as  fatigue  limit  is  concerned  (if  temperature  and  loading 
times  are  not  considered)  in  comparison  with  metals  lies  mainly  during 
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extension  along  the  fiber  (9^).  Glass-fiber-reinforced  plastics  have  low 
elongation  during  tearing,  and  low  tensile  strength  during  shearing  along 
the  layers.  Notwithstanding  the  fact  that  the  reinforced  glass  fibers  on 
the  whole  increase  the  rigidity  of  the  filler-matrix  composition  -ystem, 
the  glass-fiber-reinforced  plastics  have  a  low  specific  rigidity,  which 
limits  their  use  a3  a  structural  material  for  the  supporting  elements  of 
a  part,  because  lov;  rigidity  usually  leads  to  increased  weight  of  the 
designed  structure.  The  thermal  expansion  coefficients  cf  glass-fiber- 
reinforced  plastics  and  metals  differ  significantly.  This  makes  it  difficult 
to  join  them  or  to  bond  them. 

The  described  disadvantages,  as  well  as  the  low  level  of  knowledge  of 
the  chemical  processes  of  resin  ageing,  insufficient  knowledge  of  the  effect 
of  various  loading  conditions  (power  and  thermal)  on  the  mechanical  properties 
of  these  materials  has  made  the  designers  approach  to  glass-fiber-reinforced 
plastics  very  cautious.  However  the  advantages  of  glass-fiber-reinforced  plastic 
as  a  structural  material  are  obvious. 

The  wide  use  of  inorganic  nonmetallic  materials  as  structural  materials 
is  limited  due  to  their  high  brittleness,  which  remains  also  at  high 
temperatures,  and  their  sensitivity  to  the  effects  of  thermal  stresses,  as  a 
result  of  which  failure  occurs  at  comparatively  low  temperatures  during  heating 
or  cooling.  The  experience  accumulated  indicates  the  advantages  of  using  brittle 
nonmetallic  materials  in  reinforced  composition.  In  this  case,  obviously, 
we  can  expect  to  obtain  materials  of  lower  weight,  higher  elastic  modulus, 
capable  of  maintaining  strength  under  conditions  of  high  temperature  and 
sudden  heat  changes,  as  compared  with  metals  (70). 


i  » 
1 


N 


i 

p  * 

- 


/n 


2.  Structural  features  of  reinforced  plastics 

The  structure  of  reinforced  plastics  will  be  examined  using  glass-fiber- 
reinforced  plastics  as  the  example.  The  main  component  parts  of  glass-fiber- 
reinforced  plastics  of  any  grade  are  the  strengthening  (reinforcing)  thin 
fiberglass  filler  and  the  binder,  a  polymeric  matrix,  selected  for  their 
ability  to  work  jointly  in  the  material. 

Glass-fiber  reinforced  plastics  are  divided  into  two  principle  groups 
dependent  on  the  direction  of  the  fiber:  oriented  and  those  with  chaotically 
positioned  reinforcement.  There  is  also  another  classification,  forming  a 
separate  group  of  fiberglasses  (7^).  Within  these  groups  five  main  types 
of  glass-fifcer-reinforced  materials  are  found,  which  are  examined,  in 
particular,  in  reference  (104), 

As  a  reinforcing  material,  .fiberglass  is  used  in  the  form  of  a  coarse 
linen  (a  continuous  untwisted  thread,  made  up  of  a  large  number  cf  strands, 
each  of  which  has  100-200  fibers),  variously  woven  fabrics,  glass  mats, 
made  of  continuous  or  staple  fibers. 

We  will  examine  the  structure  of  a  unidirectional  glass-fifcer-reinforced 
material.  We  note  that  the  structural  characteristics  of  the  class  of 
composition  materials  which  we  are  examining  are  typical  of  glass-fiber- 
reinforced  plastics,  which  have  different  structures,  textures  or  reinforcing 
plan. 

The  small  diameter  glass  fibers  have  an  unusually  high  strength.  Thus, 
a  5“1 5  micrometer  diameter  fiber  has  a  rupture  strength  no  less  than  that  of 
a  high  quality  structural  steel.  Therefore  the  most  proper  structural 
solution,  which  will  make  maximum  use  of  the  high  mechanical  strength  of  the 
fibers,  is  the  production  of  guy  unidirectional  structures,  in  which  the 
fiber  is  arranged  in  parallel  points  along  the  acting  tensile  forces  (llo). 
Unidirectional  structures  (Fig.  5)  car.  be  made  on  a  coarse  linen  base. 
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shear,  compressive  enc  bending  forces.  Thus  the  fiberglass  filler  ensures 
strength  and  rigidity  of  the  composition  system,  end  the  polymeric  matrix 
acts  as  a  binder,  redistributing  forces  among  the  discrete  reinforcing 
elements,  compensating  their  uneven  tension  during  loading.  It  makes  the 
material  monolithic  and  ensures  its  formability.  In  addition,  the  binder 
enveloping  the  fiber  protects  it  from  the  effects  of  the  external  agressive 
medium  and  mechanical  damage,  and  its  chemical-physical  properties  in 
considerable  measure  determine  the  corresponding  properties  of  the 
glass-fiber-reinforced  plastic. 

Due  to  their  structural  characteristics  glass-fiber-reinforced  plastics 
resist  tensile,  compressive  and  bencir.g  loads  in  various  ways.  The  reinforcing 
fiber  is  the  main  supporting  force  in  tension.  Therefore  the  mechanical 
characteristics  of  the  material  in  tension  are  determined  mainly  by  the 
mechanical  properties  of  the  reinforcement,  which  is  almost  one  or  two  orders 
of  magnitude  above  the  corresponding  mechanical  characteristics  of  the 
polymeric  binder  (117). 

When  reinforced  plastics  are  compressed,  the  polymeric  binding  is  the 
strong  basic  material.  Its  effect  on  the  mechanical  properties  of  the 
material  is  predominant.  Also,  the  reinforcing  fibers  cemented  in  the 
polymeric  medium  continue  to  absorb  a  specified  portion  of  the  load,  thus 
improving  the  tensile  strength,  elastic  modulus  and  other  characteristics 
of  the  composition  material.  However,  compression  strength  and  elastic 
modulus  do  not  attain  those  values  which  are  ofcser\'ed  in  glass-fiber-reinforced 
plastics  tension.  In  particular,  the  elastic  modulus  in  compression  Ec  is 
lower  than  in  tension  (68,  II?).  The  ratio  of  moduli  E^/E*  of  various 
slass-fiber-reinforced  plastics 
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Inasmuch  as  bending  characterizes  the  inhomogeneity  of  the  stress-strain 
state,  in  evaluating  the  elastic  properties  of  the  material  it  is  necessary 
to  take  into  account  the  following  features:  for  oriented  glass-fiber- 
reinforced  plastics  E„  <  E+ ,  E^  (Ev  -  elastic  modulus  of  fiber, 

E'0  -  elastic  modulus  of  kinder).  Generally,  glass-fifcer-reinf'orced  plastics 
have  a  layered  texture  with  alternating  layers  of  high  module  reinforcement 
and  low  module  polymeric  layers  (pure  or  including  cross  layers  of 
reinforcement).  During  bending,  in  addition  to  normal  stresses,  tangential 
stresses  appear  between  texture  layers.  These  cause  the  polymeric  layers  to 
shift.  Tangential  stresses,  in  turn  contribute  to  bending  deflection  due 
to  the  effect  of  so-called  texture  springiness  (68,  101,  102,  10J). 

The  polymeric  matrix  can  redistribute  forces  in  the  filler  if  it 
has  good  adhesion  to  the  fiberglass,  high  cohesion  strength  and  rigidity  and 
cefornafcility  which  is  not  lower  than  the  deforms bility  of  the  glass 
reinforcement. 

The  binders  for  glass-fiber-reinforced  plastics  are  a  composition  of 
thermosetting  or  thermoplastic  polymeric  materials  (resin)  and  solvents. 

The  adhesive  substance  is  the  resin.  The  solvent  is  used  to  obtain  a  binder 
of  specified  viscosity,  giving  the  best  wettability  of'  the  reinforcement. 

Five  main  typss  of  polymeric  materials  are  used  as  thermo-reactive 
binders  for  glass-fiber-reinfcrced  plastics  which  have  the  widest  application 
in  machinery  construction:  polyester,  epoxy,  phenol,  melamine,  crgano-silicon 
or  their  various  combinations. 

Glass-fi fcer-rein? creed  olastic  is  most  efficient  when  it  maintains  its 


posite  material.  Deformafcility  and  strength  of  glass-fifcer- 
reinf'orced  plastic  are  determined  in  considerable  degree  by  the  combined 
operation  of  the  glass  filler  and  the  polymeric  matrix  at  all  stares  cf  the 
loading  system.  However,  the  results  of  experiment  (104,  I  57)  shows  that 


glass-fiber-reinforced  plastics  do  not  always  behave  as  a  dense  material  and 
the  force  mechanism  in  the  polymer-glass  system  depends  on  how  the  load  is 
applied,  its  relative  size  and  how  it  changes  during  loading.  A  theoretical 
investigation  of  the  density  of  glass-fiber-reinforced  materials  was 
conducted  in  the  work  described  in  reference  (1J8).  The  model  consists  cf 
a  unidirectional  glass  core  placed  in  constant  tension  into  a  polymer  cylinder 
and  enclosed  in  an  elastic  body  of  sufficiently  large  dimensions.  The  elastic 
body  was  subjected  to  uniaxial  tension  along  the  core  axis.  It  is  supposed 
that  the  polymer  film  operates  only  in  shear  and  the  glass  fiber  only  in 
tension  and  that  both  components  fellow  Hooke's  Law.  The  fiberglass  forces 
produce  tangential  stresses  on  the  surface,  which  added  up  across  its 
circumference  result  ir»  normal  forces  along  the  axis  of  the  fiber.  Analysis 
showed  that  up  to  the  point  of  shear  of  the  adhesive  binder  the  highest 
normal  stresses  act  along  the  center  line  of  the  reinforcing  fiber  and  the 
highest  tangential  stresses  along  its  ends. 

The  mechanism  of  force  transmission  in  the  material  is  determined  by 
the  amount  of  applied  load  and  is  not  the  same  at  all  loading  stages.  Until 
shear  of  the  adhesion  binder  begin an  adhesion  mechanism  of  transmission 
forces  in  the  glass-fiber-reinforcec  plastics  is  observed.  However  at 
stresses  exceeding  the  strength  of  the  adhesion  binder,  in  addition  to 
adhesion  stresses  a  friction  mechanism  of  transfer  of  forces  appears  which 
is  due  to  friction  forces  at  the  points  where  adhesion  is  disturbed.  The 
existence  of  two  mechanisms  of  force  transmission  is  confirmed  experimentally, 
since  in  actuality  the  strength  of  the  glass-fiber-reinforced  plastics  is  at 
least  one  order  of  magnitude  cr  more  higher  than  the  strength  of  the  adhesion 
binder  and  the  strength  of  the  polymeric  binder  in  shear, 

Cne  of  the  deciding  factors  in  forming  composition  materials  is  the 
appropriate  selection  of  components  according  to  mechanical  properties, 
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filler  size,  and  its  concentration.  For  example,  if  tne  strengtn  of  tne 
binder  between  the  matrix  medium  and  the  fiberglass  is  sufficiently  high 
enough  to  ensure  the  sane  deformation  of  components  under  load,  then  at 
Ev/E£. y\  the  fiberglass  during  the  process  of  composition  deformation 
assumes  a  larger  portion  of  the  load,  thus  lightening  the  function  of  the 
adjoining  region  of  the  matrix.  Tne  excess  load,  absorbed  by  the  fiber,  is 
equal  to  zero  at  Ey  =  E^.  and  reaches  a  maximum  at  Ev/E^  -  c'°< 

Fig.  4  shows  an  idealized  stress-strain  diagram  within  the  limits  of 
the  elastic  region  for  certain  real  and  hypothetical  materials  (92).  Tne 
diagram  clearly  shows  that  a  high  elastic  modulus  of  glass  fibers  in 
glass-fiber-reinforced  materials  should  make  it  possible  to  most  effectively 
utilize  their  high  strength  in  compositions.  This  is  most  obvious  if  a 
resin  is  used  in  the  matrix,  for  the  elastic  modulus  of  the  resin  is  about 
20  times  lower  than  the  corresponding  modulus  for  glass.  Since  the  resinous 
matrix  can  be  stretched  much  further  without  breaking  than  fiber,  the  full 
strength  of  the  glass  filler  can  be  realized  in  such  a  composition. 
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Elastic  region  of  stress-strain  diagram  for  some  real  and 
hypothetical  materials  at  various  Young’s  modulus: 

I  -  E  =  21.7  II  -  E  =  4600  XVi^fcm2; 

III  -  E  =  7o20  D/rT/mm2:  IV  -  E  =  1  p,0p0  j^^'mm2; 

V  -  E  =  76,200  Dflr/mm2, 


Points  J  and  k  show  what  stresses  can  be  attained  in  the  inclusions 
(reinforcement)  when  the  matrix  is  stretched  0,2^fs.  If  &  material  is 
selected  as  the  matrix  which  allows  considerable  deformation  without 
rupture,  then  even  greater  stresses  can  be  attained  at  these  same  inclusions 
(Points  1  and  2). 

The  length  of  the  glass  fiber  of  the  reinforcing  filler  has  an  important 
influence  on  the  strength  and  the  formability  of  the  glass-fi be r-re in forced 
plastics.  Fig.  5  compares  data  on  the  strength  of  fiberglass  strands  with 
data  on  the  strength  of  compositions  with  bases  of  these  strands  and  epoxy 
resins  in  relation  to  the  length  of'  the  initial  fiberglass  (l43),  As 
evident  from  this  drawing,  the  effect  of  fiberglass  length  on  the  strength 
of  the  strand  and  the  glass-fiber-reinforced  plastic  varies.  The  polymeric 
matrix  in  the  glass-fiber-reinforced  materials  increases  the  strength  of 
the  .fiberglass  strand. 

The  increase  in  strength  of  the  glass-fi  ber-reini'crced  material  can 
be  explained  from  the  critical  length  theory  (159).  In  accordance  with 
the  theory  for  glass-fiber-reinforced  plastics  the  determining  factor  is  not 
the  presence  of  fine  fiber  defects  but  how  close  they  are  one  tc  another. 
According  to  the  degree  of  loading  the  fiber  breaks  at  is  weakest  point, 
forming  shorter  and  stronger  fibers.  Breakage  continues  until  the  critical 
length  of  the  fiber  is  reached,  that  is  the  length  at  which  stress  in  the 
fiber  is  equal  to  the  tensile  strength  and  the  material  breaks.  Fracture 
of  highly  filled  compositions  with  a  high  concentration  of  glass  reinforcements 
has  a  sharply  defined  brittle  character,  while  ductile  fracture  is  observed 
in  glass-fiber  reinforced  plastics  which  have  a  low  filler  content  (ICO). 

The  presence  of  adhesion  binders  between  the  matrix  and  the  filler 
and  their  increased  strength  results  in  a  decrease  in  the  critical  length 


of  the  fiber.  It  can  be  assumed  that  the  matrix  breaks  the  total  length 
of  the  fiber  into  critical  sizes,  thus  ■  *  'ing  their  effective  strength 

(11 6). 
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Fig.  Effect  of  fiber  length  on  strand  strength  of  glass  fibers 
and  strand-base  compositions 


1  -  fiber; 

2  -  strand-base  and  epoxice-resin  composition; 
5  -  strand. 


We  will  examine  the  problem  of  the  effect  cf  fiber  length  on  the 
deformation  properties  cf  the  composition.  Results  of  the  analysis  (98) 
show  that  when  the  fiber  length  is  considerably  larger  than  the  critical 
length,  the  relative  portion  of  those  parts  of  the  polymeric  matrix  which 
can  be  independently  deformed  is  small.  The  deformation  capacity  of  the 
glass-ficer-re in forced  plastics  will  be  low  anc  will  be  almost  completely 
determined  by  the  ceformsbility  of  the  fiber.  When  the  fiber  length  is 
considerably  below  critical,  the  matrix  will  net  be  controlled  by  the 
fibers  and  the  deformation  capacity  of  the  material  will  be  determined  by 
the  deforma fcility  of  the  matrix.  Obviously,  in  developing  composition 
materials  which  must  combine  high  strength  with  good  c e fermabi 1 i tv ,  it  is 
necessary  to  use  a  fiber  which  has  a  length  approximately  equal  to  the 
critical  (95).  If  the  glass-fiber-reinforced  plastic  is  to  be  used  at 
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high  temperatures,  adjustments  must  be  made.  At  higher  temperatures  the 
polymeria  matrix  is  weakened  which  causes  a  decrease  in  the  strength  of 
the  adhesive  binder  and  a  lowering  of  the  tangential  stresses.  The  critical 
length  of  the  fiber  is  then  increased.  Under  these  conditions  therefore  it 
is  necessary  that  the  length  of  the  fiber  be  below  the  critical  length  at 
the  operating  temperatures. 

The  strength  of  glass-fifcer-reinforced  plastics  is  not  a  predetermined 
value.  It  depends  greatly  on  many  factors,  particularly  on  the  structure, 
texture,  and  the  reinforcing  plan.  The  construction  technology  and  the 
operating  factors  are  also  very  important. 

Glass-fiber-reinforced  plastics  in  which  the  fibers  are  arranged 
chaotically,  can,  with  sufficient  accuracy  for  engineering  purposes,  be 
considered  quasi-isotropic  materials.  Their  mechanical  properties  in  all 
directions  are  approximately  the  same.  In  oriented  glass-fiber-reinfcrced 


plastics  the  mechanical  properties  in  various  directions  are  different 


(Fig.  6). 
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Fig.  6.  Relationship  of  glass-fiber-reinforced  plastic  bendir 
to  reinforcement  type  at  various  loading  angles: 

1  -  mat  (short  fiber);  2  -  laminated  filler  (mat  and 
5  -  satin  woven  fabric  (0  +  90°);  4  -  unidirectional 


strength 


:ric); 

:cr  (0  +  90° }. 


Such  materials  are  anisotropic,  while  oriented  plastics  have  a  structural 


anisctrouv.  The  anisotroov  of  the  elastic  and  strength  properties  of  these 


materials  is  created  during  the  process  of  their  production  and  is  a 
controlled  value.  Almost  all  oriented  glass-fiter-reinfcrced  plastics 

are  orthotropis  or  transversal-isotropic  materials  (104),  Single-directional 
glass-fiber-reinforced  plastics,  particularly  belong  to  the  transversal- 
isotropic  materials. 
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Temperature  is  an  important  factor  causing  significant  changes  in  the 
mechanical  crooerties  of  reinforced  elastics .  An  increase  in  the  temoerature 
affects  the  strength  of  the  components  of  these  materials  in  various  ways. 

The  reinforcing  fiber,  in  comparison  with  polymeric,  as  a  rule  has  much 
higher  mechanical  characteristics  at  elevated  and  high  temperatures.  It 
was  determined,  for  example,  that  the  strength  and  rigidity  of  one  of  the 
components  of  glass-fiber-reinforced  plastics  -  fiberglass,  is  not  dependent 
on  temperature  in  the  room-1 COO°K  range  (1C4).  It  was  shown  experimentally 
that  the  behavior  of  glass-fiber-reinforced  plastics  at  elevated  temperatures 
depends  on  the  properties  end  type  of  the  binder,  its  content,  the  form  of 
the  reinforcement  (chaotic  reinforcement,  fabric,  orienteo  fiberglass)  end 
the  method  of  producing  the  g la ss-f iter-reinforced  plastic. 

The  effect  of  temoerature  on  the  mechanical  orouerties  of  glass-fiber— 


reinforced  plastics  was  described  in  (52»  24,  25,  45,  55»  75 ,  £?,  59) 


sc  forth.  However  the  results  obtained  could  net  be  compared  becaus 


were  obtained  on  different  test  stands  and  bv  diffsi 


metnccs.  me 


comparison  is  also  complicated  by  the  material  itself  (how  it  was  made, 
stored  and  other  factors).  The  investigators  established  certain  general 
principles  of  the  effect  of  elevated  temperatures  on  the  strength  of 
glass-fiber-reinforced  plastics.  Thus ,  an  increase  in  temperature  results 
in  chemical-structural  changes  of  the  polymeric  binder  and  in  a  decrease  in 


strength  and  rigidity  of  the  cl a ss-fi be r-rcin forced  plastics. 


It  was  shown  in  references  (97,  48)  that  when  glass-fiber-reinforced 
plastics  are  neated^two  contrary  processes  occur  in  their  binders:  the 
hardening  related  to  structurization  concludes  and  a  thermal  breakdown 
occurs.  The  first  process  improves  the  physical-mechanical  properties  of 
the  material,  and  the  second  -  gr>utly  impairs  them. 

The  degree  and  nature  of  the  decrease  in  strength  depend  on  the. 
duration  of  the  temperature  effect  and  the  form  of  the  strength  effect 
(Table  1  ).  The  temperature-strength  dependence  of  polymers  at  temperatures 
exceeding  vitrification  temperature  (4j)  is  particularly  noticeable. 
Therefore  if  a  glass-fiber-reinforced  plastic  is  to  operate  successfully 
at  elevated  temperatures,  it  is  necessary  to  select  a  binder  according  to 
its  thermal  stability. 

Following  optimal  limits  of  maximum  operating  temperatures  for 
glass-fiber-reinforced  plastics  with  various  binders  (75,  l46)  were 
experimentally  established:  for  ordinary  polyester  resins,  5 50-j65oK;  for 
thermally  stable  polyester  resins,  to  470°K;  for  phenol  resins,  470-52 0°K; 
for  epoxy  resins,  420-470°K;  for  organo-silicon  resins,  to  570°K.  It  was 
shown  that  when  the  temperature  was  increased  approximately  to  51 0°K ,  the 
strength  properties  of  most  of  the  glass-fiber-reinfcrced  plastics  with 
the  exception  of  the  one  with  a  PN-1  resin  base,  did  not  change.  At 
temperatures  above  510oK,  the  strength  properties  of  glass-fiber-reinforced 
plastics  change  in  relation  to  the  binder  material.  Plastics  with  an 
epoxy  resin  (22) base  have  tne  highest  strength  in  their  initial  state; 
however  at  4 7Q°K  their  strength  crops  sharply  in  pO-ICQ  hours.  Glass-fiber- 
reinforced  plastics  on  an  organo-silicon  binder  have  the  lowest  strength 
under  ordinary  conditions.  Also  they  maintain  strength  even  after  1000 
hours  of  holding  at  elevated  temperatures  and  this  strength  remains  even 


higher  than  in  phenol  glass-fiber-reinforced  plastics.  Fig.  7  shows  the 
effect  of  temperature  on  the  bending  strength  of  fiberglasses  with  various 
binders.  The  nature  of  the  curves  depends  exclusively  on  the  thermal 
stability  of  the  binder. 

The  temperature  dependency  of  strength  during  tension  of  oriented 
AG-4S  and  53-18S  glass-fiber-reinforced  plastics,  made  with  rigid  and 
plastic  binders,  are  shown  on  Fig.  8  (104). 


Fig.  7.  Relationship  of  bending  strength  of  fiberglass  laminates  with 
different  binders  to  testing  temperature: 

1  -  epoxy  binder; 

2  -  ordinary  polyester  binder; 

3  -  heat-resistant  polyester  binder; 

4  -  heat-resistant  phenol  binder; 

5  -  organo-siliccn  binder. 

The  relative  drop  in  strength  ^cy  representing  the  ratio  of  strength 
at  testing  temperature  to  strength  at  room  temperature  is  shown  along  the 
ordinate  axis.  It  is  seen  from  this  drawing,  that  materials  with  a  rigid 
binder  have  a  temperature  dependence  curve  with  a  greater  slope  than  the 


curve  for  materials  with  a  plastic  binder. 


Table  1 ,  Mechanical  properties  of  various  grades  of  fiberglass 
in  relation  to  heating  temperature  and  time. 


Grade  of 
Fiberglass 


Testing  Conditions 


Temperature, 

°K 


KAST-V 

VFT-S 

EF-52-501 

FN 

SK-$F 


AG-4S 
glass-fiber- 
reinforced  plastic, 
equal-strength 


423 

473 

473 

523 

573 

623 

448 

473 

473 

523 

573 

623 


473 

523 

573 

623 

673 

423 

473 

523 


Time, 

hrs 


0 

5 

0.5 

0,5 

0.5 

0,5 

200 

200 

200 

50 

10 

2 


0,5 

0,5 

0.5 

0.5 

0,5 

0,5 

0,5 

0,5 


K0 


Tensile  strength, 

'  Bending 

I 

24,5 

23.5 

— 

30.0 

30,8 

■I 

29,8 

20,5  ' 

7,6 

22,3 

8,3 

21,5 

7,1 

23,8 

16,7 

24,2 

9,7 

16,4 

11,2 

12.6 

10,5 

33.6 

15,5 

30,5 

14,1 

31,5 

12.3 

26.5 

12,2 

24,7 

11.4 

11,0 

— 

8.9 

— 

7,9 

Elastic 

modules 

upon 

stretching 


■nrng 


1127 

1078 

1627 

1490 

1480 

1343 

1146 

1303 

1264 

1372 

1274 


2127 

1901 

2528 

1930 

1588 

1627 

1744 

1225 


oriented  glass-fiber-reinforced  plastics  and  various  binders: 

1  -  rigid  binder  (AC— AS); 

2  -  plastic  binder  (55_1-6S). 


/} 9  The  change  in  strength  as  a  function  of  temperature  depends  on  the  form 

of  the  force  effect.  In  most  glass-fifcer-reinforced  plastics,  when  the 
temperature  is  increased  the  strength  during  compression  anc  bending 
decreases  the  most.  The  tensile  strength  during  tension  along  the  fiber 
decreases  at  a  lesser  degree.  This  is  apparently  due  to  the  different  role 
of  the  binder  during  tension,  bending  and  compression,  and  changes  in  the 
mechanism  of  force  transmission  in  the  material.  During  bending ,  when  large 
shear  stresses  are  present  which  are  accepted  by  the  polymeric  binder,  the 
strength  drop  caused  by  the  matrix  softening  is  more  perceptible  than 
during  tension,  when  the  shear  forces  are  considerably  smaller. 

During  compression  when  the  main  force  of  the  glass-fiber-reinforced 
plastic  is  the  binder  (which  simultaneously  protects  the  fiberglass  from 
stability  loss),  the  temperature  strength  dependence  is. also  determined  by 
the  thermal  stability  of  the  binder. 

As  a  result  of  the  intense  decrease  in  strength  during  bending,  the 
authors  of  references  (104,  48)  consider  it  advisable  to  evaluate  the 
efficiency  of  reinforced  plastics  during  heating  according  to  their  bending 
test  results.  This  is  a  complex  characteristic  of  the  material,  which 
includes  the  strength  of  the  fiber,  the  binder  and  the  resistance  to  shear 
along  the  layers. 

The  resistance  of  glass-fiber-reinforced  plastics  to  the  effects  of 
elevated  temperatures  is  different  in  various  loading  directions.  This  is 
indicated  by  the  structural  anisotrophy  of  the  strength  properties  of  the 
reinforced  material.  The  single-directional  glass-fiber-reinforced  plastics, 
loaded  in  the  direction  of  the  reinforcement,  have  the  highest  and  most 
stable  indicators  at  elevated  temperatures.  When  oriented  glass-fiber- 
reinforced  plastics  are  loaded  at  an  angle  to  the  axis  of  the  elastic 


22- 


symmetry,  the  temperature  influence  on  the  strength  is  greater  -  the  strength 
is  lower,  because  the  working  surface  of  the  binder  is  greater. 


Data  on  the  temperature  dependence  of  the  mechanical  prope.  ies  of 
oriented  glass-fiber-reinforced  plastics  and  fiberglasses  under  conditions 
of  elevated  temperature  (in  the  295_575°K)  range,  are  given  in  reference  (24). 

Oriented  glass-fiber-reinforced  plastics  (single-directional  0SP-1QE 
and  those  with  longitudinal-transverse  reinforcement  PSP-1QE  with  a  1*1  and 
1:2  ratio  of  layers)  are  made  on  an  epoxy-phenol  binder  EFB-4,  reinforced 
with  No.  10  glass  thread.  The  binder  content  was  1 9—22%  by  weight,  degree 
of  polymerization,  9G-95?k*  The  glass-fiber-reinforced  plastic  was  made  by 
winding  and  then  hardening.  The  fiberglass  laminate  composition  also  includes 
an  epoxy-phenol  binder,  reinforced  alkali-free  glass  fabric  A3TT  ( 6 )  -  0^. 

The  binder  comprises  19-20%  by  weight,  degree  of  polymerization  -  90-95?®* 

The  starting  data  on  the  mechanical  properties  of  the  glass-fiber-reinforced 
plastics  are  given  in  Table  2. 
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Fig.  9*  Relationship  of  glass-fiber-reinforced  plastics  relative  strength 
at  extension  to  temperature: 

1  -  fiberglass  along  woof; 

2  -  unidirectional  glass-fiber-reinforced  plastic; 

5  -  longitudinal-transverse  (1:1  )  glass-fiber-reinfcrced  plastic; 
4  -  fiberglass  along  warp. 
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Table  2.  Mechanical  properties  of  glass-fiber-reinforced  plastics 


Type  of  Plastic 

(f-Q  > 

n/m-*10“7 

n/m-*10"7 

E,  n/m2«i0“^ 

n/m^  x 
x  io-5 

Unidirectional  (IjO) 

lip* 

50.8 

4.07 

496 

Laminated  ( 1 !  1  ) 
Longitudinal-transverse 

52.4 

29.7 

2.46 

275 

Laminated  (is 2) 
Longitudinal-transverse 

M. 

56.5 

1.92 

256 

Fiberglass  laminate 
warp 

45.4 

29.5 

2.45 

- 

Fibarglass  laminate 
woof 

22.9 

17.4 

1.64 

— 

*  Tests  were  made  on  ring  samples  ICO  mm  diameter, 
1.0  mm  wide  and  1.5  nan  thick. 
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To  obtain  a  uniform  temperature  field,  the  samples  were  heated  in  a 
heating  chamber  to  the  specified  level  and  then  held  for  15-20  minutes. 
Test  results  for  standard  samples  (Fig.  9)  show  that  the  temperature  during 
tension  of  a  single-directional  glass-fiber-reinforced  plastic  had  a  lesser 
effect  on  strength,  than  during  tension  of  a  fiberglass  laminate.  This  is 
also  observed  in  studying  the  elastic  properties,  Th: 3  is  not  an  unexpected 
conclusion,  because  in  a  single-direction  glass-fiber-reinforced  plastic, 
the  filler  has  a  decisive  effect  on  the  strength  and  elasticity.  The  filler 
has  a  weakly  defined  temperature  dependence  on  these  properties  in  the 


examined  temperature  interval.  The  test  data  also  show  that  increasing  the 


temperature  to  p73°K  sharply  decreases  the  strength  of  the  glass-ficer- 
reinforcec  plastics,  which  differ  ’ey  structure  filler  form.  The 
temperature  strength  dependence  is  approximately  the  same  for  all 
glass-fiber-reinforced  plastics. 

The  temperature  dependence  on  the  strengtn  of  carbon— metal— plastic 
during  tension  in  uniform  heating  is  shown  on  Fig.  10.  Tests  were  conducted 
in  an  argon  atmosphere  at  1 400°K  temperature  on  a  test  stand  made  on  a 
hydraulic  machine,  TsD-4,  base  (the  test  stand  was  described  in  Chapter  III). 


Fi<r.  10.  Temperature-strength  dependence  of  carbon-glass-plastic. 


Purity  of  the  inert  atmosphere,  sufficient  for  conducting  the  experiment, 


W8.S  £  o  u 


ained  by  * bloving"  the  chamber  which  provided  an  initial  vacuum  oi 


1C"2  mm  Hg  and  an  argon  supply.  Such  "blowing"  took  piace  four  >-o  iive 
times  before  each  experiment. 

Heating  was  accomplished  with  a  nickel  pipe  heater.  The  temperature 
drop  on  the  working  length  of  the  sample,  70  mm,  at  a  maximum  test  temperature 
of  1 400°K  according  to  five  thermocouple  readings,  did  not  exceed  i-10  grad. 
Tv,f>  temperature  of  the  surface  of  the  sample  vas  .checked,  during  nesting. 
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Yihen  the  temperature  reached  the  required  value,  it  was  maintained  constant 
until  the  sample  was  fully  heated.  The  test  stand  was  equipped  with  an 
automatic  control  device  used  during  heating  and  holding.  The  heating 
rate  at  all  temperature  values  was  a  constant  10  grad/sec. 

The  strength  at  various  temperatures  was  determined  according  to  data 
from  testing  12-1 p  samples  per  point.  Fig.  10  shows  that  generally  the 
strength  of  the  tested  plastic  decreases  (to  80^)  at  temperatures  t.o  1000°X, 
A  further  rise  in  temperature  does  not  change  the  strength.  A  similar 
temperature-strength  dependence  of  earcon-metal-plastic  was  observed  also 
in  testing  for  compression  and  bending. 

In  evaluating  the  effect  of  temperature  on  the  mechanical  properties 
of  reinforced  plastics,  it  can  be  concluded  that  although  a  sharp  drop  in 
strength  occurs  in  these  materials  at  elevated  and  high  temperatures  and 
uniform  heating,  due  to  their  thermoconductivities'  they  can  be  used  for 
short-term  operation  even  at  very  high  temperatures  under  conditions  of 
one-sided  heating. 

4.  High-temperature  strength  of  glass  and  sitalls 

Data  on  the  temperature  strength  dependence  of  inorganic  nonmetallic 
materials  is  extremely  limited.  In  particular  we  do  not  have  up  to  this 
time  such  precise  information  on  the  temperature  dependence  of  glass  as  we 
have,  for  example,  on  time  dependence.  The  study  of  the  effect  of 
temperature  on  the  strength  of  glass  is  described  in  references  (4,  1 25 * 

1 4l ,  lA6).  On  the  basis  of  an  analysis  of  these  investigations  in 
reference  (p),  an  attempt  has  been  made  tc  classify  the  effect  of 


temperature  on  the  strength  of  glass. 


473 


S73 


1073  T-K 


Fig.  11.  Four  types  of  silicate  glass  temperature-strength  dependence. 

Fig.  11  shows  the  four  types  of  temperature  dependencies  of  strength 
of  silicate  glass.  The  first  type  (curve  1 )  refers  to  high  strength 
glasses  without  surface  microcracks;  the  second  (curve  2)  -  to  high 
strength  glasses  (approximately  100  dat/mm2);  third  and  fourth  (curves  5 
and  i  respectively)  -  to  high  strength  steels  with  average  (20-50  dat/mm2) 
and  with  low  (?-10  d at/mm2)  strength. 


9  O 

which  had  a  strength  of  approximately  J00  dat/ms~  at  293  K.  The  white 
points  correspond  to  samples  0.5-0. 9  mm  diameter,  and  the  black  points  to 
samples  0.7-1 .5  mm  diameter.  Each  point  represents  10-20  and  above  samples 
tested.  Tests  conducted  by  the  authors  of  reference  (12?)  showed  a 
variation  coefficient  of  and  tests  conducted  by  the  authors  of  reference 
( 1  i,1  )  -  5-10 fo.  The  sharply  dropping  temperature  dependence  of  high  strength 
glasses,  apparently  is  produced  by  the  increase  in  the  probability  of  the 
formation  of  microcracks  in  stressed  glass  due  to  the  aggressiveness  of 
atmospheric  water  vapors  at  high  temperatures  and  the  strengthening  of  the 
heat  motion  (fluctuation).  It  was  shown  in  references  (26,  27)  that  the 
strength  of  a  defect-free  alkali-silicate  glass  where  there  is  no  surface- 
active  medium,  decreases  with  a  rise  in  temperature,  but  not  as  sharply  as 
in  high  strength  glass. 


Fig.  15.  Temperature-strength  dependence  of  fiberglass  during  rapid  heating 

1  -  alumoborosilicate  fiberglass  11  mum  diameter; 

2  and  5  -  alkali silicate  fiberglass  2p  mtfp 1  diameter. 


Defective  glass  fibers^  which  have  a  1  GO-1 nO  dat/mm-  strength  and  a 
25-50j»  variation  coefficient^ are  illustrated  by  curves  which  have  a  maximum 
(curve  2,  Fig.  11  ).  Several  such  temperature  dependencies  on  strength 
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11) 


according  to  the  date,  of  reference  (A)  are  shown  on  Fig.  1 5  (curves  1  and  3 
were  obtained  at  loading  rates  of  3.5  dat/mrn^  •  min,  and  curve  2  -  at 
300  dat/mm^  •  min).  The  temperature  dependence  of  low  strength  glasses 
with  an  average  strength  of  20-30  dat/ms^  i3  shown  in  curves  2  and  3 
(see  Fig.  12).  Ourve  2  was  constructed  according  to  data  from  reference 
(lAl),  obtained  during  rapid  extension  (several  milliseconds)  of  glass  bars 
0.7-1. 5  a®  diameter.  Curve  5  wes  constructed  from  reference  (lp4)  snd 
obtained  during  tests  of  strips  of  2.75  thick  sheet  glass.  Fig.  12 
shows  the  drop  in  strength  of  these  glasses  with  temperature  rise;  however 
this  is  much  weaker  than  in  high  strength  glasses. 

Tests  of  large  glasses  showed  that  the  temperature- strength  dependence 
is  reflected  in  curves  which  have  a  minimum.  In  references  (l45,  145)  the 
drop  in  strength,  in  particular,  is  explained  by  the  fluctuating  mechanism 
of  glass  breakage,  and  its  increase  in  strength  at  high  temperatures  is 
due  to  the  fact  that  surface  diffusion  rounds  off  the  edges  of  the 
microcracks  and  decreases  the  stress  concentration. 

Recently  much  attention  has  beer,  given  to  the  synthesis  of  glass- 
crystalline  materials  of  a  new  grade , called  siialls  in  our  literature  and 
known  abroad  as  pyrocerams  and  glass  ceramics.  These  materials  have  very 
valuable  properties  which  make  them  extremely  useful. 


Fig.  14.  Effect  of  temperature  on  strength  of  9^0 6  pyro ceramic. 


Sitalls  are  inorganic  materials  which  are  obtained 
of  glasses  or  melts  of  various  compositions,  occurring 


by  fine  crystallization 
over  the  entire 


volume  of  a  previously  shaped  piece. 


the 


irmat 


Crystallization  results  in 


of*  an  evenly  distributed  dense  microcrystalline  structure,  characterized  by 
small  disordered  oriented  crystals  in  the  glass  phase  and  the  absence  of 


porosity.  The  size  of  the  crystals  ranges  from  units  of  micrometers  to 
several  micrometers.  Micro structural  homogeneity  ensures  the  high  mechanical 
properties  of  the  sitalls.  Because  of  their  high  abrasion  resistance  in 
comparison  with  ordinary  glasses,  they  have  a  lower  sensitivity  to  these 
surface  injuries  which  produce  stress  concentration. 

Sitalls  are  stronger  than  glass,  most  ceramic  materials  and  certain 
metals.  Yihen  mechanical  strength  of  sitalls  is  studied, the  strength  is 
determined  mainly  during  bending.  This  method  is  widely  used  in  testing 
brittle  and  di f f i cul t-to-work  materials,  which  is  mainly  due  to  the 
simplicity  of  making  the  samples  and  the  greater  reliability  of  the  average 
strength  values. 
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Fig.  15.  Effect  of  temperature  on  strength  of  glass-ceramic  materials: 

1  -  ZrgC  -  Al^Oj  -  Si02; 

2  -  ZrpO  -  ZnO  -  AlgOj  -  SiCj; 

p  -  ZrgO  -  ZnO  -  SiOo. 


It  is  extremely  difficult  to  determine  the  strength  of  brittle  materials  in 
tension  and  in  compression.  These  difficulties  are  caused  by  the  complex 
shape  of  the  samples  for  stretching,  and  by  the  concentration  of  stress 
aopearing  at  the  points  where  the  sample  is  clamped  during  tension  or  on  its 
face  surfaces  during  compression.  Inasmuch  as  sitalls  always  fail  under  tensile 
stress,  they  cannot  be  tested  for  compression  because  it  must  be  assumed 


that  at  each  compression  test,  failure  will  occur  in  the  zone  of  tensile 
stresses  produced  by  the  stress  concentrators. 


Fig.  14  shows  the  effect  of  temperature  on  the  mechanical  strength  of 
commercial  pvroceram  (cp).  This  pyroceram  belongs  to  the  category  of 

magnesia-alamo silicate  materials.  During  their  production  titanium  dioxide 
was  used  as  the  catalyst  for  the  formation  c*  crystallization  centers. 
Ocrdierite  is  the  main  crystalline  phase  in  pyroceram.  It  also  contains 
cristcbalite.  Strength  data  refer  to  rods  which  have  been  abrasive-finished 
and  then  chemically  strengthened.  The  tensile  strength  c?  this  material  at 
room  temperature  is  sufficiently  high,  but  with  an  increase  in  temperature, 
its  strength  drops.  However,  even  at  107p°K  the  strength  of  pyroceram 
considerably  exceeds  the  strength  of  most  glasses  at  room  temperature. 


Fig.  if.  Strength  of  sitall25  at  temperatures  to  11?5°K. 


In  testing  glass  ceramics  of  other  types,  a  lowering  of  strength  d-.risir 
heating  (curve  1,  Fig.  15)  is  also  observed.  A  similar  type  of  temperate'' 
strength  dependence  during  bending  for  cast  sitalls  "was  determined  in 
reference  (118).  The  results  of  these  studies  shew  that  at  1075°K  the 
strength  values  are  less  than  half  of  what  they  are  at  room  temperature. 

The  authors  of  reference  (IIP)  explain  the  behavior  of  the  cast’sitalls 
during  heating  as  follows.  Crystallization  of  light-sensitive  glasses 


starts  from  the  uniform  distribution  of  centers  in  the  volume  of  the  glass. 


snc  a  glass  phase  remains  on  the  outer  boundary 
crystals  growing  on  each  center  occupy  2 ~h%  les 


of  each  microcrystal.  The 
s  volume  than  the  initial 


glass.  During 
expansion,  the 
volume  of  the  g 
crystals  are  in 
tempered  glass. 


cooling,  as  a  result  of  the  larger  coefficient  of  linear 
volume  of  the  crystals  decreases  in  greater  measure  than  the 
lass.  As  a  result  the  interlayers  of  glass  between  the 
a  state  of  compression,  similar  to  the  cuter  layers  cf  the 
and  the  entire  system  has  a  high  mechanical  strength.  Durin 


heating  a  reverse  reaction  occurs  and  the  strength  decreases. 

A  monatonic  decrease  in  strength  when  temperature  rises  is  also  seen  in 
sitall  25-  Results  shown  in  Fig.  1o  were  obtained  on  prismatic  samples 
measuring  9  x  1 2  x  SO  mm  under  pure  bending  conditions  after  holding  them 
prior  to  loading  for  15  minutes  at  a  test  temperature  of  11?5°X.  Curves 


showing  the  dependence  of  strength  on  temperature  were  constructed  from  data 
on  testing  6-10  samples  at  each  point  at  a  mean  square  error  of  plus  or 
minus  12^. 

In  sx tails  of  some  compositions,  the  initial  decrease  in  strength  when 
temperature  rises  is  followed  by  recovery  of  strength  at  such  higher 
temperatures.  This  effect  is  sharply  defined  for  the  Zi50  -  ZnG  -  A150^  - 
SiC‘2  system  (see  Fig.  1p»  curve  2). 


1? 


1  -  slag-siiail4$p; 

2  -  slag- sx tall  2. 


V/e  obtained  the  same  change  in  the  temperavare-strengt'n  dependence  cf 
slag-sitall  c  and  495  ( Fig .  17).  The  results  refer  to  prismatic  samples 
measuring  9  x  1 2  x  80  am.  The  number  of  samples  per  point  was  12-15  at 
a  mean  square  error  rate  of  plus  or  minus  10%. 

Thus,  experimental  data  obtained  during  uniform  heating  of  brittle 
nonmetallic  inorganic  materials  indicate  that  the  strength  of  these  materials 
at  elevated  temperatures,  to  1  200-1  5'00°K,  greatly  decreases,  to  a  point  which 
makes  it  impractical  to  use  them  at  these  temperatures.  But  tr.cse  materials, 
due  to  their  specific  thermal  properties,  can  be  successfully  used  under 
conditions  of  short-term,  high- temperature,  nonuniform  heating  at  temperatures 
considerably  exceeding  the  above. 


Chapter  VI 


Thermal  Stability  of  Refractory  Materials 


Materials  which  are  used  under  conditions  of  repeated-alternating 
temperatures  must  be  heat  resistant  and  thermally  stable.  Thermal  stability 
testing  of  materials  has  become  very  important  in  recent  years.  The 
literature  contains  a  great  deal  of  information  on  the  set-ups  and  methods 
used  for  this  purpose  (65). 

The  destructive  action  of  thermal  effect  is  related  to  the  formation 
of  thermal  stresses  cue  to  temperature  gradients,  unrestricted  heat  expansion 
of  tr.e  body  or  its  individual  zones.  Under  unfavorable  conditions  thermal 
stresses  car.  result  in  material  cracking  or  its  complete  failure,  losses 

f 

in  the  stability  of  the  structural  elements  and  other  undesirable  cor.sequen :es. 
If  thermal  stability  tests  for  plastic  materials  are  not  specific,  they  ari 

I 

critical  for  brittle  nonmetallic  materials  and  particularly  for  refractor/ 

1 

1 

materials. 

Thermal  stresses  are  internal  stresses  (18,  22,  Rp),  i.e.  equalizing 
within  the  body  itself,  its  components  or  a  system  of  several  bodies.  ■ 
According  to  their  degree  of  locality  they  are  divided  into  stresses  of  zero, 
first,  secc -d  or  third  order.  Thermo-elastic  stresses  form  in  an  el ustic 
bocv  and  disappear  after  removal  of  the  thermal  load:  thermo-plastic  stresses 

appear  as  a  result  of  the  transition  of  a  heated  body  into  a  pl&st-'ic  state. 

/ 

dome time s  thermal  phase  stresses  appear  due  to  the  heterogeneity  (  ?  the 

I 

transmission  of  the  non  uniformly  heated  body  into  the  second  phase  state. 

The  test  results  cited  in  this  chapter  represent  the  therma/l  stability 
of  materials  which  are  in  the  brittle  state.  It  is  assumed  also  that  the 


responsibility  for  failure  lies  mainly  with  thermo-elastic  stresses  of  the 


first  order,  i.e.  stresses  produced  by  the  interaction  of  a  portion  of  the 
body  with  a  nonuniform  temperature  field.  The  effect  of  second  and  third 
order  stresses  on  thermal  stability  in  this  case  was  not  evaluated. 

In  studying  the  thermal  resistance  of  materials  on  simple  samples  an 
evaluation  is  made  of  the  effect  of  temperature  crop  and  upper  temperature 
of  the  cycle,  degree  of  sample  fastening,  prior  heat  treatment  and 
rnicrostructural  stresses,  chemical  composition,  structure  and  other  factors 
on  the  number  c?  cycles  to  thermal  fatigue  cracking  or  to  the  degree  of 
deformation  of  the  sample. 

Results  obtained  on  simple  samples  reflect  material  properties  but  do 
not  consider  effect  on  thermal  stability  of  the  structural  factors  which  are 
related  to  the  scale  effect  and  stress  concentration.  Instead  they  are 
initial  results  inasmuch  as  a  study  of  thermal  stability  of  pieces  should 
precede  a  thorough  investigation  of  the  thermal  stability,  mechanical  and 
thermal  physical  characteristics  of  the  material  of  which  they  are  made. 

This  is  particularly  important  for  a  comparative  evaluation  of  the  thermal 
stability  of  search  materials. 

In  accordance  with  the  systematization  presented  in  reference  (85) » 
set-ups 'for  testing  thermal  resistance  of  materials  using  simple-shaped 


samples  and  the  corresponding  test  method  can  be  divided  into  the  following 
groups: 

1.  Set-ups  for  testing  unfastened  samples.  In  this  case  the  principles 
of  failure  are  studied  and  the  physical  processes  of  deformation  and  micro- 
structural  changes  are  mainly  determined. 

2.  Set-ups  for  testing  fastened  samples.  In  these  tests  thermal 
stresses  which  appear  as  a  result  of  fastening  play  a  very  large  role. 

Samples  can  be  fastened  to  various  decrees  of  ri~iditv.  The  accumulation  of 


1 


cyclical  sign-variable  plastic  deformations  results  in  a  change  of  the 
shape,  dimensions  and  type  of  sample  failure, 

5.  Set-ups  for  testing  samples  in  which  the  stress  state  is  produced 
as  a  result  of  a  nonuniform  temperature  field.  For  example,  massive 
cylinders  heated  and  cooled  in  a  gas  flow. 

Experience  has  shoves  that  set-ups  for  testing  brittle  nonmetal lie 
materials  for  thermal  stability  and  the  corresponding  method  should  make 
it  possible  to  obtain  conditions  of  thermal  loading  with  temperatures 
approximately  IpQG- 2000°K  and  above  in  a  wide  range  of  heating  and  cooling 
rates.  In  order  to  reduce  to  a  minimum  the  time  during  which  thermal  impact 
occurs,  maximum  heating  rates  at  the  initial  moment  (1000  grad/sec  amc  above) 
are  desirable.  This  can  be  obtained  by  so-called  inertia-free  heating  devices. 
Cooling  can  be  conducted  by  various  media  —  still  air,  compressed  inert  gas, 
flowing  water  or  an  air-water  mixture  vortex. 

Obviously,  requirements  as  to  measurements  and  registration  of  process 
parameters,  particularly  thermal  conditions,  temperature  levels  and  field, 
fixing  of  the  moment  of  failure,  are  the  same  for  all  test  set-ups. 

In  studying  the  thermal  resistance  of  brittle  nonmetallic  materials  it 
is  important  to  efficiently  select  the  shape  and  sizes  of  the  sample  taking 
into  account  the  specifics  of  these  materials,  heating  regimes,  testing  method 
and  so  forth.  Particularly,  ir.  developin  '  the  sample  it  is  necessary  to 
provide  for  small  sizes  anc  ease  of  preparation,  and  the  ability  to  obtain 
the  desired  temperature  anc  stress  fields  which  prod  ice  failure  under  selectee 
conditions  o:  heating  and  cooling  in  a  comparatively  simple  manner.  Thus, 
samples  of  ring  and  cylindrical  shapes  which  are  selected,  as  objects  for 
testing  on  set-ups,  appear  tc  be  optimal. 

In  comparing  t'e  thermal  regime  in  testing  ring  and  3mall  cylindrical 
samples,  it  should  be  noted  that  the  regimes  for  testing  the  cylindrical 


-v  y 


samples  are  considerably  more  rigid.  Ring  samples  are  tested  under 
quasi-staticnary  and  nonstationary  thermal  loading  regimes,  and 
cylindrical  —  under  ncnstationary  regimes. 


In  testing  for  thermal  impact,  thermal  stability  is  expressed  fcv  a 

ATCp 

statistically  averaged  minimal  diffefence^fcetween  the  temperature  of  the 
body  and  the  medium  during  which  failure  occurs  under  ccnditicns  of  a  single 
heat  change.  In  testing  for  thermal  fatigue,  thermal  stability  is  expressed 


by  the  number  N  of  multiple  heat  changes  withstood 
failure  occurs.  Inasmuch  as  the  thermal  stability 
conditional  to  seme  degree,  the  results  obtained  o: 
samples  were  not  compared. 


by  the  samples  in  til 
characteristics  were 
ring  and  small  cylindri 


1 .  Set-ups  for  testing  and  small  cylindrical  samples  for  thermal  stability 

The  set-up  shewn  on  Fig.  $7  was  designed  for  testing  brittle  materials 
for  thermal  stability  under  qu&si-stationary  and  nenstat* onary  thermal 
loading  of  the  internal  surface  of  the  ring  samples  (19>  21).  Heat  from  the 
outer  surface  of  the  samples  is  carried  away  by  one  of  three  methods:  cooling 
in  the  still  air  zone,  during  which  the  surface  temperature  changes  by 
natural  convection,  ar,c  temperature  gradients  across  the  width  of  the  ring 
are  not  controlled  but  are  to  a  considerable  degree  dependent  upon  the  thermal 
physical  properties  of  the  material;  cooling  with  coolers  which  contain 
circulating  water,  ensuring  a  large  decrease  in  the  temperature  of  the  outer 
surface  cue  to  which  quite  high  temperature  gradients  can  be  obtained  in  the 
body  of  sample;  cooling  in  a  furnace  space  with  controlled  temperature  in 
which  case  tests  car,  be  conducted  on  specified  temperature  levels  or  the 
temperature  of  the  cuter  surface  car.  be  changed  linearly. 

The  samples  used  are  rings,  2?  mm  inner  diameter,  ~,0  mm  outer  diameter, 
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nigh.  The  rings  are  assembled  in  packets  up  to  200  mm  high,  including 


ur  to  rings. 
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The  gaps  between  tne  rings,  wnich  appear  in  tne  assembled  packet  due  to 
imprecision  of  sample  preparation  and  the  arrangement  of  thermocouple 
junctions  and  the r mo electrodes  between  the  samples,  are  filled  with  powder 
made  of  a  material  similar  to  the  material  of  the  sample,  dispersed  by  seme 
kind  of  an  adhesive  substance. 

The  design  for  fining  the  cooler  permits  the  samples  to  expand  in  a 
radial  direction  and  al  ensures  satisfactory  contact  between  the  coolers 
and  samples  even  in  those  cases  when  the  samples  hove  been  mace  with 
engineering  imprecision. 

Cylindrical  rods,  made  of  stainless  steels,  silicizec  graphite,  silicon 
carbide  or  even  Silit  resisters,  are  used  as  heaters.  The  materials  are 
prepared  for  use  at  high  temperatures  in  an  oxidizing  air  atmosphere. 

Heaters  5-25*5  2m  diameter  are  fastened  in  water  cooled  clamps.  Tne  heaters 
are  long  enough , 250-320  mm,  so  that  the  flow  of  heat  from  their  cooling  ends 
does  not  disturb  the  uniformity  of  temperature  distribution  in  the  heating 


Test  results  are  considerably  affected  by  the  degree  of  accuracy  of  the 
coaxial  position  of  the  heating  element  inside  the  packet  of  samples.  To 
avoid  uneven  heating  of  the  samples  the  heaters  are  centered  using  coordinate 
devices.  The  use  of  coordinate  devices  makes  it  ocssible  to  conduct  the 


tests  when  the  heater  and  the  samples  are  misaligned,  for  the  coordinates 
can  adjust  the  misalignment. 

The  heating  system  allows  the  temperature  to  be  increased  or.  the  inner 
surface  of  the  sample  at  a  rate  from  1-2  to  5 CO  grad/min.  Two  systems  of 
single  face  transformers  are  used:  a  regulating  transformer  RCT-2p  with  a 
power  transformer  OSY-AO  and  a  voltage  regulator  RN0-10  with  a  furnace 
transformer  P T-7.  This  makes  it  ocssible  to  varv  the  heating  rate  end  in 


bination  with  the  cooling  rate  cone act  testing  under  regimes,  whi 


elatively  large  range, 


erial  in  the  niece. 


the  natural  conditions  of  the  work  c 
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shown  in  Fig.  (20).  The  system  uses  an  ignitron  contactor  IK,  suitable 


both  for  switching  the  electric 


and  for  maintaining  even 


control  cl  power  to  the  heater. 

The  contactor  is  assembled  on  counter-parallel  connected  metal 
ignitrons  type  1-1  AO  (0.8).  The  power  through  the  ignitron  into  the  heater 
can  be  changed  by  symmetrically  changing  the  ignition  angles.  The  contactor 
is  controlled  using  an  automatically  programmed  temperature  regulator  APR!', 

A  rheostat  temperature  gauge  1?,  which  has  a  1 00%  proportional  band,  is 
placed  or.  the  one-second  potentiometer  E?P-0£Kp  on  one  axis  with  a  main 
slide  rheostat.  The  heating  program  employs  an  automatic  device  R'J?-02M 
based  on  the  principle  of  automatic  ..racing  a  program,  applied  on  a  diagram, 
tape.  The  driving  pctenticneter  1$  is  connected  to  the  photo  tracing  system 
sc  that  a  signal ,  proportional  to  the  current  value  of  the  temperature 
specified  by  the  heating  program,  can  be  recorded  at  the  cutlet  of  the 
programming  device.  The  temperature  sensing  rheostat  15  ana  the  driving 
potentiometer  1 J  are  connected  by  a  bridge  schematic  fed  from  the  stabilized 
voltage  supply  14. 

The  continuous  control  heating  system  ensures  smooth  regulation  of  the 
temperature  on  the  surface  of  the  samples  both  at  small  (approximately 
1  grad/min),  and  at  large  (approximately  yOO  grad/min)  rates  of  increase. 

The  advantage  of  this  system  is  that  it  makes  it  possible  to  reproduce  therms 
loading  regimes  with  high  precision. 

The  development  of  techniques  which  make  it  possible  to  register  the 


failure  of  the  samcle  is  very  important  in  testing  for  thermal  stability. 
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Fig.  9>-«  Block- sc  hematic  of  automatically  controlled  heating  systems 

1  -  heater;  2  -  temperature  gauge;  5  •*  rupture  gauge; 

4  -  coordinator;  p  -  sample; 

6  -  device  for  fixing  the  breaking  moment;  7  -  power  governor; 

5  -  current  source;  9  -  phase  displacer; 

10  -  electronic  bridge;  11  -  power  amplifier; 

12  -  sawtooth  voltage  generator;  1J  -  driving  potentiometer; 

14  -  stabilized  voltage  supply;  Ip  -  temperature  sensing  rheosta 


1.  IK 

2.  EFF-09  XJ 
5.  APHT 

■4.  RU5-02 


The  test  set-uo  has  a  special  device  (21)  which  fixes  the  moment  and  the 
order  of  failure  when  it  receives  the  appropriate  signal  from  the  sample. 

A  current-conducting  compound  with  electrodes  soldered  to  it  is  applied  to 
the  ends  or  side  surfaces  of  the  sample,  as  a  failure  gauge. 

The  moment  of  failure  is  registered  bv  a  method  described  ir.  reference 


(21  ).  A  block-schematic  of  the  device  for  fixing  the  failure  moment  is 

shown  in  Fig.  99,  When  the  sample  and  its  gauge  fail,  ar.  electrical  impulse 

on  its  sensor  2 

aopears  in  the  block  of  the  unit  signal  1.  The  imoulse  is  directed  to  the 

/I 

executing  block  4  and  storage  block  6,  When  the  execvtinjr  block  receives 


mmediately  closes  the  circuit  of  temperature  gauge  J,  as  a 
result  of  which  the  amount  of  electromotive  force  at  the  outlet  of  instrumen 
5  (EPF-09  potentiometer)  decreases  to  zero,  which  is  noted  in  the  form  of  a 
the  temperature  line  recorded  by  this  instrument.  Ir.  this 
way  the  amount  of  failure  of  each  sample  is  recorded. 

Because  the  impulses  obtained  by  the  executing  block  k  during  failure 
of  any  sample  from  the  packet  are  the  same,  in  order  to  establish  the  order 
of  sample  failure,  storage  block  6  serves  tc  fix  the  sequence  of  the  impulse 
from  the  unit  signal  1  blocks.  By  comoarinr  these  recordings  on  instrumen 
and  the  data  from  storage  block 


can  be  determined.  the  registration  system  is  low-inertial  and  permdts  a 
precise  determination  of  the  moment  of  actual  failure. 

Samples  of  other  sizes  can  also  be  tested  on  this  test  set-up,  for 
example,  samples  5~/2?  -mm  diameter,  but  over  12.5  •“  high.  In  these  case 
(when  testing  in  coders)  several  coolers  are  used  simultaneously. 
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Block-schematic  of  device  for  fixin~  the  samde  breaking  momenl 


cylindrical  samples  are  tested  in  two  ways:  when  testing  for 

a  intensive  single  heating  is  used  with  subsequent  cooling 
thermal  fatigue  of  materials,  cyclical,  multiple  alternati 


The  large  semiaxis  of  the  ellipse  used  on  this  stand  measures  57  mm, 
and  the  small  -  4p  mm.  Tr.e  interfocal  distance  is  pi  the  height  is  20  mm. 
At  110  v  and  40  smp  current  intensity  the  heating  device,  mace  of  polished 
copper,  allows  temperatures  to  2C00°K  in  4-5  seconds  at  an  initial  heating 
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rad/ sec  and  above  cn  the  of*  &  cvlincricRl  s arn pic 


of  some  aesroved  materials  measuring  p  sun  diameter 


,  20  mm  feign. 


At  higher  power  inputs  the  temperature  ceiling  is  250C-250C°K.  So,  for 

amp 

example,  at  40  V  voltage  and  15 0  ^  current  intensity,  a  temperature  of 
2pC0°K  is  obtained  in  p_-  sec  on  a  sample  of  the  same  dimensions  ,  made  of 
aluminum  oxide.  If  a  silvered  screen  is  used,  then  cue  to  the  much  higher 
integral  reflecting  capacity  of  silver,  the  specified  temperature  can  fee 
obtained  without  increasing  the  power  input. 

The  air-water  mixture  under  pressure  from  a  compressor  is  passed  through 
a  vortex  generator  and  uniformly  cools  the  surface  of  the  sample  being  tested. 
Oscillographs  have  shown  that  a  constant  temperature  of  the  cooling  atmosphere, 
equal  to  5p0-j40°K,  is  established  in  O.p-O.p  see,  i.e.  almost  instantaneously. 
The  compressor  rating  is  1 p0  watts  and  the  highest  allowable  pressure  in  the 
accumulator  is  5-2  atm.  Its  productivity  is  22  l /min  at  2.2  atm  pressure. 

Under  such  heating  ar.d  cooling  conditions  samples  ,  which  were  4-7  mm  diameter 
and  18-20  mm  high  cylinders,  conditionally  designated  as  small,  were  brought 
to  failure  during  tests  for  thermal  fatigue  and  thermal  impact, 

Tr.e  electrical  system  of  the  test  set-up  (Fig.  102)  under  single  and 
multiple  thermal  loading  conditions  provides  for  carbon  arc  ignition  and 
maintaining  its  electrical  parameters,  switching  in  the  system  for  heating 
the  samcle  and  simultaneously  switching  in  a  system  for  coclinr  fev  an 


air-water  mixture,  subsequent  heating  of  the  sample  ar.c  so  forth. 
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Heating  unit  in  installation  for  heat-re si  stance  testing  of 
small  samples: 

I  -  heater  housing;  2  -  electrodes;  J  -  upper  cover; 

A  -  lower  cover;  p  -  quartz  tubes;  6  -  sample  with  clamps; 
7  -  mounting  plate;  P  -  vertex  generator; 

9  -  vortex  generator  housing; 

10  -  vortex  generator  for  arc  stabilizer; 

II  -  electrode  holder  case. 


1 .  Inert  gas 

2.  Air-water  mixture 


The  test  cycle  is  begun  by  pushing  button  F» ,  whereupon  the  magnetic 
starter  K  coil  is  switched  on,  which  closes  the  normally  open  contacts  IK 
; interlocking  cotton  P^},  Ja  and  4K.  *oltage  is  supplied  to  the  coaoresso 
cotor  D K,  and  compressor  K  begins  to  operate.  In  addition,  the  normally 
open  contact  2X  closes,  preventing  the  possibility  of  switching  on  the 

electrical  arc  when  there  is  no  sample  being  cooled  by  the  vortex  of  air-v 
fixture. 


type  KSO-1 3  (0.2  microfarad ,  operating  voltage  ^KV),  spark  arrester  P  and 


inductance  in  the  form  of  a  primary  winding  pulse  autotransformer  IAT+. 

Voltage  to  50  KV  at  3OO-5OO  kilohertz  frequency,  necessary  for  electrical 
circuit  breakdown,  forms  at  the  outlet  of  the  autotransformer.  The 
autotransformer  is  mounted  on  ferrite  cores.  The  high  voltage  pulse  ionizes 
the  air  in  the  gap  between  electrodes  ar.c  provides  for  carbon  arc  ignition. 
Under  working  conditions  the  current  relay  RT  type  ET-523 /-  operates.  Ey 
normally  closed  contacts  IPX,  it  switches  on  the  high  voltage  pulse  generator 
and  by  normally  open  contacts  2PT,  switches  on  the  motor  of  the  mechanism 
for  moving  the  electrodes  DE. 

The  voltage  regulator  ATp  of  the  arc  supply  circuit  is  protected  from 
'nigh  voltage  by  the  high  frequency  choke  DrVOh,  placed  in  an  oil  bath.  The 
choke  is  made  on  a  ferrite  core  and  is  connected  sequentially  in  the  regulator 
circuit.  High  voltage  from  the  secondary  winding  of  the  pulse  autotransformer 
IATp  is  fed  to  the  electrode  through  separating  capacitors  3o  and  3 ^  (O.A 
microfarad,  operating  voltage  1KV).  The  choke  and  capacitors  G?  and  G *  serve 
to  partially  separate  the  circuit  of  high  voltage  and  the  operating  arc 
voltage. 

The  voltage  conducted  to  the  electrodes  is  regulated  from  0  to  2^0  v. 

The  operating  arc  voltage  is  controlled  by  volt  meter  V,  end  the  operating 
current  -  ammeter  A.  Reading  of  heating  and  cooling  times  is  fixed  by  an 
electric  stopwatch.  Go  that  the  arc  will  burn  steadily,  a  balanced  resistor 
R5  is  sequentially  connected  into  the  circuit.  A  "dropping"  volt-ampere 
characteristic  is  thus  obtained. 

The  electric  arc  burns  on  high  intensity  grade  "Extra-affect"  7-8  mm 
diameter  carbon  films.  The  arc  is  placed  coaxially  in  a  1 p.p  cm  diameter 
quartz  tube.  Argon,  which  stabilizes  the  carbon  arc,  is  supplied  along 


-*7- 


the  axis  of  the  electrodes  from  top  to  bottom  across  spi.ral  channels  of  the 

( 

voi-lex  generator  at  2-5  atm  pressure.  The  vortex  generator  is  a  ring  1C  mm 
high  and  mm  diameter  which  has  spiral  channels  wi/th  a  1.5  mm  pitch  at 

an  angle  of  25°  to  the  cylindrical  surface  of  the  ring  notched  on  the 
ceripherv.  The  channel  cross  section  is  2  x  2  mm. 

The  test  stand  is  equipped  with  a  mechanism  wh,ich  automatically  maintains 
a  constant  gap  between  the  electrodes.  The  electric  motor  of  the  mechanism 
is  supplied  through  a  rectifier  assembled  by  a  bridge  scheme  on  type  D504 
diodes,  from  ATp  voltage  regulator.  The  voltage • supply  taken  from  ATp 
regulator  changes  from  0  to  iO  v  in  relation  to,'  the  required  feed  rate  of 
the  upper  electrode. 

i 

Automatic  temperature  changes  in  the  specified  range  are  made  by  the 
min  and  max  contact  cf  the  one-second  EPP-09'  potentiometer  from  platinum- 
platinum-rhodium  thermocouples  0.1  mm  diameter.  Vihen  the  maximum  temperature 
is  reachedj  the  max  contacts  close  P|  relay  which  instantaneously  closes  the 
normally  open  1  F-j  contact  and  connects  the  magnetic  starter  K« ,  The  heating 
circuit  is  disconnected  and  the  min  contacts  are  unlocked  fcv  the  normally 
open  1  K-j  contact.  The  normally  open  JJ.  and  4K  contacts  are  disconnected, 
the  magnetic  valve  PK^  operates  and  connects  the  air  cooling  of  the  sample 
by  the  air-water  mixture  vortex.  When  the  minimum  temperature  is  reached 
the  voltage  is  supplied  to  the  magnetic  starter  and  the  cycle  repeats 


itself. 


The  test  stand  has  an  attachment  for  fixing  and  rotating  the  sample  to 
equalize  the  temperature  on  its  outer  surface  (Pig.  105).  The  attachment 
consists  of  an  upper  moveable  support  and  a  lower  fixed  support  in  the 
vertical  direction.  Sample  is  placed  on  the  supports  and  using  a  fixing 
rod  5,  it  is  entered  into  the  region  of  focus  of  the  elliptical  cylinder  1. 
The  sample  is  correctly  placed  in  the  cylinder  plane  with  the  help  of  a 
scale  applied  to  the  fixing  rod. 


BA 


m  ~ f 

Bfp-A*. 


HRS 


Fig.  105.  Schematic  of  attachment  for  fastening  and  rotating  sample. 


1 .  At  entrance  to  EPP-09. 


When  the  arc  2  is  connected  the  sample  begins  its  rotary  movement  by 
means  of  electric  motor  7  and  four  pulleys  5*  The  thermocouple  electrodes 
are  brought  out  on  current  collector  4.  Temperature  equalization  on  the 
outer  surface  of  the  sample  is  attained  by  experimentally  selecting  its 
rotation  rate,  which  is  determined  by  the  changes  in  the  temperature  rate 
during  heating  and  cooling. 

The  sample  temperature  on  its  outer  surface,  core  and  at  intermediate 
points  is  measured  by  platinum-platinum-rhodium  thermocouples  0.1-0, 2  mm 
diameter.  The  thermoeiectromc tive  force  from  the  thermocouples  goes  to  a 
specially  constructed  current  collector  comprised  of  a  collection  of  small 
diameter  copper  pulleys  placed  at  specified  intervals  or.  an  insulating 
sleeve  which,  is  rigidily  located  on  the  roller  which  rotates  with  the  sample. 
The  thermoelectromotive  force  which  goes  to  the  copper  pulleys  is  removed  by 
silver,  plated  sliding  chords  and  fed  to  the  EPP-09  electrdr.-potenticaeter  at 
a  carriage  speed  of  1  sec.  The  current  collector,  as  the  experiment  revealed, 
is  highly  reliable. 


Fig.  10^.  Schematic  and  cross-section 


Key: 
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ii 


1 .  Argon 


of  two-lobe  heating  device: 


carbon  electrodes;  2,7  -  quartz  tubes;  J.  -  sample; 
water- jacketed  upper  lid;  5  _  arcs; 


5  -  water- jacketed  elliptical  reflector; 
n  -  vortex  generators; 

9  -  water- jacketed  bottom  lid. 


Thus  the  test  set-up  makes  it  possible  to  automatically  regulate  the 
maximum  temperature  of  the  cycle,  heating  and  cooling  rate,  temperature 
interval  of  the  cycle,  automatically  crop  the  sample  to  cool  it  in  water, 
fix  the  working  position  of  the  sample,  ensuring  maximum  reprocucafci lity 
of  the  test  results.  The  test  set-up  provides  for  testing  in  a  controlled 
atmosphere.  In  this  case  the  sample  is  placed  in  a  quartz  tube  filled  with 
a  specified  medium. 


Unlike  the  single-lobe  heating  device  examined  above  whose  disadvantage 


is  the  nonuni formity  of  temperature  distribution  cn  the  outer  surface  of  the 
sample,  a  two-lobe  cevice_jdue  to  the  symmetrical  arrangement  of  the  heating 
radiator  in  relation  to  the  sample^  provides  for  uniform  heating.  A  schematic 
and  cross-section  of  the  two-lobe  heating  device  are  shown  in  Fig.  104, 

The  main  structural  elements  of  this  device  are  two  reflectors  (lobe)  which 
are  shaped  like  closed  elliptical  cylinders  with  a  common  focal  axis.  A 
high  temperature  radiation  heating  source  (39)  is  located  along  the  second 
focal  axis  of  each  reflector. 

The  two-lobe  heaters  provide  for  various  programs  of  thermal  action  on 
the  sample  being  tested.  If  necessary  they  can  be  used  for  each  radiation 
source  separately. 


2.  Thermal  stability  of  ring  and  small  cylindrical  samples 

Ring  samples  were  tested  on  a  test  stand  described  in  section  1  of  this 
chapter  ( 1 9 #  21  ).  The  thermal  stability  of  refractories  obtained  by  greatlv 
differing  methods  was  studied,  as  well  as  their  structure,  chemical 
composition,  and  mechanical  properties.  Samples  cf  aluminum  oxide  containing 
titanium  oxide  and  commercial  aluminum  oxide  were  prepared  by  casting  from 
dross.  Oommerciel  aluminum  oxide,  various  compositions  of  alumosilicates, 
magnesial  concrete  on  a  phosphate  binder  and  other  materials  were  used  to 
prepare  samples  by  pressing.  Hereon  for  the  sake  of  brevity  the  samples  will 
be  divided  into  cast  and  pressed. 

The  cast  refractories  were  produced  in  the  experimental  plant  of  the 
Jkranium  Scientific  Research  Institute  for  Refractories  in  accordance  with 
technical  specifications  MRT'J-1 4-05-25-55.  The  pressed  refractories  were 
search  materials  of  the  Materials  Engineerinr  Institute,  Academy  of  Sciences 
Uk  SSR. 


-pi. 


Table  8.  Porosity  and  densi 

ty  of  refractories. 

Material 

Porosity,  % 

Density, 

kg/m5  .  102 

ai0c5  +  tic2 

0-5.0 

5.^5 

AlpCj  (cast) 

O 

t c\ 

1 

0 

5-7 

AlpO^  (pressed) 

29.8 

2.66 

ZrOp 

25.1 

5-99 

Dense  magnssial  concrete 

19 

- 

Porous  magnesial  concrete 

55 

- 

Alumosilicates  (0-10%  5u) 

8-12 

- 

Alumosili cates  (20-70%  EN) 

20-40 

To  obtain  the  most  reliable  experimental  data,  the  samples  were  carefully 
sorted  and  graded  before  testing.  To  reduce  the  effect  of  engineering 
factors  on  the  test  results  to  a  minimum,  samples  were  made  from  the  same 
raw  material  in  one  batch,  i.e.  they  were  produced  under  the  same  heat  treating 


conditions. 

The  samples  were  selected  according  to  external 
weight  and  size.  The  variations  of  weight  and  size 
than  plus  or  minus  0.75%  and  plus  or  minus  0. 2p  mm, 


appearance,  color, 
did  not  fluctuate  more 
respectively,  as  an  average 


batch  (21  ). 


Some  information  cn  the  samples  and  the  materials 
made  are  shewn  in  Tables  8-11.  Fig.  1 Cp  shows  the  temp 
the  modulus  of  elasticity  and  Poisson's  coefficient  for 
containing  titanium  and  pressed  aluminum  oxide. 


from  which  they  were 
erature  dependence  of 
aluminum  oxide 

temperature 


-5 


o_ 


Typically,  when 


Table  9.  Chemical  composition  of  refractories  (%). 


Material 

a12°5 

Zr02 

SiOj 

Ti02 

Fe20j 

MgO 

OaO 

A1203  +  TiC2 

96.92 

- 

0.09 

0.9 

0.0p 

0.02 

0.01 

A1203  (cast) 

99.75 

- 

0.1 

0.01 

o.oe 

0.05 

0.01 

A120^  (pressed) 

99.57 

- 

0.24 

- 

0.15 

- 

- 

Zr02 

1.09 

90 

1.4 

1.16 

1.16 

- 

5. Ad 

Table  10.  Dimensions  of  refractory  ring  samples. 


Material 


AljCi  +  TiO?  (first  batch) 

A12C*  +  TiOg  (second  batch) 
AI2C5  +  TIO2  (third  batch) 

A1 20^  (cast,  first  batch) 

A^Oj  (cast,  second  batch) 

A120j  (pressed) 

A120*  (pressed) 

Zr°2 

Dense  magnesial  concrete 
Forous  magnesial  concrete 
Uncal cinable  magnesia!  concrete 
Alumosilicates  (0-10%  NE) 

Alumo silicates  (20-*)G%  NE) 

Hed  brick 


T 


Outer  diameter, 


Inner  diameter, 


Height, 


mm 


49  24.8 

49.5  24.9 


mm 


mm 


13.6 

13.7 


39.8 

50.3 


17.7 

25.4 


12.2 

14,0 


49.6  24.8 

50.1  24.3 


13.8 

51.3 


50.2  24.3 

51.8  24.4 


52.5 

50.4 


49,6 

25.8 

49.9 

25.5 

50,5 

25.2 

51.1 

26.2 

50.4 

25.2 

50.1 

24,9 

48,0 

51.1 

12.0 

12.0 

12.2 

12,5 


rises  to  1100-l400°K,  the  elastic  modulus  and  Poisson's 
linear  expansion  coefficient  of  the  specified  materials 
This  makes  it  possible  to  compare  the  test  results  obta 


coefficient  anc  the 
changes  very  slightly, 
ined  for  these 


degree  of  accura 


'able  11,  Bending  strength  (in/-  )  of  refrsetori.es. 


Material 


temperature,  't< 

~75  775 


i  1  ^  O 

I  «»»■  'j  t  ilvp 

AljOs  (pressed) 
nlirr.0 silicate  (g/e 

il  *  ^  c  n  1  t  r*  4*  1  p  (  ^--1  '!  “  ^ 


The  method  provides  for  testing  sneer  qua si -station ary y( stationary) 
and  nor.staticnery  thermal  loading  conditions,  3ua si-stationary  (stationary) 
heating  conditions  are  obtained  by  slowly  (at  a  rate  not  higher  than 
2  grad/min)  cut  continuously  increasing  the  internal  surface  temperature  of 
the  sample  or  by  gradually  (at  2p_50  va)  increasing  the  electric  current 
supplied  to  the  heater.  It  is  apparent  by  comparing  both  heating  methods, 
that  the  first  method  provides  more  uniform  and  stable  testing  conditions. 
This  makes  it  possible  to  very  simply  determine  temperature  changes  in  the 
sample  and  to  compare  da* a  corresponding  t-.  failure  at  various  times  with 
high  accuracy. 


n  £333 
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Fig.  IO5.  Temperature  dependence  of  elastic  modulus 
coefficient  i(i 

1  -  elastic  modulus  Al^Oz  +  TiC^; 

2  -  elastic  modulus  AlgO?  (pressed); 

5  -  roisson's  coefficient. 
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Nonstationary  conditions  are  maintained  by  a  constant  electrical  power 
(l~f  kva)  supplied  to  the  heater,  cr  a  constant  rate  (pO-pCC  grad/min)  of 


neatm jr  oi 


the  inner  surface  of  the  sample  (21).  The  sample  is  cooled  with 


t  ! 


m.  i 


f  j owing  water  or  air. 

A  platinum-platinum-rhodium  thermocouple,  0.1-C.5  mm  diameter,  is  used 
to  measure  heat  and  determine  the  distribution  of  temperature  across  the 
thickness  of'  the  ring.  Thermocouples  are  placed  in  four-six  points  along 
the  radius  of  tha  ring  at  the  end  or  directly  on  the  side  surface  of  the 
sample,  to  which  a  thin  layer  of  cement  of  a  specified  composition  has  been 
applied.  The  cement  may  also  have  been  applied  in  special  recesses  made  for 
this  purpose  into  which  the  thermocouples  were  soldered.  Experience  showed 
that  the  thermocouples  were  best  fastened  to  the  sample  by  soldering. 

The  thermoelectromotive  force  cf  che  thermocouples  was  measured  and 
registered  by  single-point  electron  automatic  self-recording  potentiometers 
£??-$:  grade  0.5. 

The  failure  moment  was  fixed  by  a  special  device  described  in  paragraph 
one  cf  this  chapter.  The  failure  gauge  is  a  thin  layer  cf  material  in  the 
form  cf  a  narrow  strip  which  is  applied  to  the  sample  surface.  The  sample 
is  considered  to  have  failed  when  the  continuity  of  sue.,  a  gauge  has  been 
disturbed.  All  the  experimental  data  are  averaged  values  obtained  on  the 
basis  of  testing  10-12  samples  (21). 

Testing  under  uuasi-stationsrv  conditions  revealed  the  resistance  cf  the 


refractory  material  to  slowly  increasing  thermal  loads,  which  corre sp 
to  stationary  loading  conditions.  The  results  obtained  are  shown  in 


Table  12.  The  temperature  distribution  across  the  thickness  of  the  pressed 
aluminum  oxide  samples  is  shown  in  Fig.  105a,  Table  12  shows  that  the 
thermal  stability  characteristics  are  greatly  affected  by  the  outer  surface 
samcle  ooolinr  conditions. 


sa, 


Inner  as 
diamete: 
/samples 


g  temperature  gradient^ 


nipUz  + 

AI5C’  +  TiC? 

49.0 '24 .8 

49.0/24. S 

AI0C5  (pressed) 

Al?Cs,  (cast) 

50.1/24.3 

50.3/25.4 

A1 2° 3  (3ast) 

Alumosilicate  ( 0 %  NS) 

49.6/24.8 

51.1,20.2 

Alumosi licate  ( NS) 

51.1  '20.2 

Dense  magnesial  concrete 

49.6  25.8 

Fcrcus  magnesial  concrete 

49,9/25.8 

Lineal  cinable  magnesial  concret 

e  50.5/26.2 

Zr05 

Red  brick 

51.8/24.4 

50.1/24.9 

Alumosilicates  {20-70%  NS) 

5O.V25.2 

Did  not  break  at  4T  =  9'20  grad 

aver 


A  comparison  of  tne  eifect  of  various  coolers  on  the  thermal  stability 
of  samples  made  from  alumimm  oxide  plus  titanium  oxide  showed  that  when 
their  outer  surface  was  cooled  in  the  still  air  zone  (first  line)  the  outer 
surface  temperature,  at  1005°K,  corresponded  to  the  average  failing  temperature 
drop,  9P°.  When  the  outer  surface  temperature  was  cooled  in  coolers  with 
flowing  water  (second  line)  at  a  temperature  drop  of  68  grad,  the  temperature 

,  A 

of  the  outer  surface  was  X.  A  decrease  in  the  amount  of  failing 
temperature  gradient  when  cooling  conditions  were  intensified  was  observed 
in  other  materials  also.  For  example,  samples  from  cast  aluminum  oxice, 
cooled  in  the  still  air  zone  failed  at  an  average  temperature  gradient  of 
approximately  Ipp  grad  (outer  surface  temperature  was  104£°K),  and  those 
cooled  in  the  cooler  at  148  grad  (outer  surface  temperature  525°K).  A 
decrease  in  the  failing  average  temperature  gradient  due  to  an  increase  in 
cooling  intensity  was  noted  particularly  in  the  work  described  in  (144). 


Tests  in  nonsteady  thermal  loading  conditions  showed  the  effect  of  the 


temperature  change  rate  on  the  thermal  stability  of  the  samples  and  also 
the  efficiency  of  the  materials  under  these  heating  conditions.  The  thermal 
energy  was  supplied  at  a  constant  electrical  current  power  and  constant 
increase  in  temperature  on  the  outer  surface  of  the  samples.  Apparently 
the  higher  heating  rates  result  in  very  rapid  changes  in  the  temperature 
field  and  predetermine  much  higher  values  of  temperature  gradients.  Fig.  106fc 
shows  temperature  distribution  in  samples  in  nonstationary  heating. 

Tables  15  and  l4  show  test  results  for  thermal  stability  in  relation  to 
heating  conditions.  Experimental  data  on  the  thermal  stability  of  aluminum 
oxide  containing  titanium  oxide  obtained  at  various  but  constant  heating 
rates  of  the  internal  surface  of  the  samples,  are  shown  in  Table  15. 


Table  1 5.  Thermal  stability  of  ring  samples  in  aluminum  oxide  with 
titanium  oxide  admixture  during  nonstationary  heating. 


Sample  size 
(inner  and  outer 
diameters)  mm 


Heating  rate, 
grad/min 


Breaking  temperature  gradient 
^  ^min  A  TaVer 


*9.0/24.3 

50 

35 

101.5 

112 

170 

118 

125.4 

151 

540 

156 

141.8 

155 

59.6/17.7 

170 

105 

112 

125 

54 

155 

140 

1 56 

Table  1A.  Thermal  stability  of  ring  s 

loading  conditions. 

pies  under  various  thermal 

Material 


heater  capacity 
or  temperature 
change  rate 


breaking  temperature  gradient 
AZrA»  AW-  AT,. 


170  grad/min 

21 A 

229 

2.5A 

5A0  grad/min 

28A 

297 

50p 

2000  volt-amp* 

550 

oA? 

s  — 

555 

3000  volt-amp* 

523 

57  A 

AAfi 

50  grad/min 

85 

102 

122 

175  grad/min 

109 

116 

117 

7  kva*  (A00 
grad/min) 

118 

162 

270 

AIjCj  (pressed) 


Al-O^  (cast) 


*  Thermo-couples  were  soldered  to  sample  surface. 


It  should  be  noted  that  when  the  heating  rate  is  ir.creased^the  value  of 
the  temperature  gradient  at  which  failure  occurs  increases.  A  similar 
increase  in  the  failing  gradient  is  observed  when  the  thermal  load  intensity 
is  increased  for  samples  of  other  materials  also  (Tacle  1*0. 

The  thermal  stability  of  aluminum  silicate  was  determined  at  various 
constant  increases  of  temperature  on  the  inner  surface  of  the  ring.  Test 
results  are  shown  in  Fig.  107.  For  comparison, data  are  shewn  which  were 
obtained  during  heating  when  the  electrical  power  was  maintained  at  a  constant 
rate.  The  data  refer  to  the  average  heating  rate  on  the  inner  surface  of 
the  samples.  A  comparison  of  the  results  indicates  tr.st  cne  relations.'^? 
between  the  values  of  the  failing  temperature  gradients  of  each  compositio: 
under  different  thermal  loading  conditions  is  approximately  the  same,  il  t 


samples  are  heated  at  a  constant  rate.  nr.  analysis  permits  us  to  draw  the 
very  important  conclusion  that  for  an  approximated  comparative  evaluation 
of  the  thermal  stability  of  materials  it  is  more  advisable  to  test  them 
under  rapidly  occurring  heating  conditions  than  under  slow  quasi-stationary 
conditions.  In  the  first  case  along  with  greatly  shortened  testing  timer 
it  is  possible  to  obtain  higher  temperature  gradients  in  the  samples  end 
therefore  investigate  the  thermal  resistance  of  a  larger  number  of  material 


yr - r  !  c  .  ;  c  : 
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Fig.  107.  Thermal  stability  of  alumosilicete  samples  containing  various 
amounts  of  boron  nitride: 


.seating  with  constant  electrical  cased  tv  N  =  5  kva  heaters 


ws  teat  data  on 


nitride  content  on  tnermai 


.emoerature  difference  at  the  same  temperature  hestinc  r 


on  tne  outer  surzace 


As  is  shown,  an  increase  in  the  a: 


rate  of  1 70  grad/min,  results  in 


gradient. 


The  nature  of  the  failure  of 


differs  (21).  Samples  made  from  materials  obtained  fcv  casting  failed  ve r\ 


quickly  and  failure  is  accompanied  by  a  characteristic  snapping  sound.  In 
26  s  t  cases  only  a  radial  crack  appears.  The  crack  is  located  as  a  rule  at 
the  point  of  a  defect.  Some  samples  at  f"i  ure  divide  into  two  portions,  and 
at' higher  heating  intensities  parts  of  the  sample  fly  in  various  directions, 
and  the  failure  process  itself  resembles  an  explosion. 


Fig.  108.  Effect  of  boron  nitride  oh  heat  resistance  of  samples  during 
non  stationary  heating  at  170  grad/rciri. 

Pressed  samples  fail  gradually.  The  crack  forms  on  one  end  of  the 
sample  and  as  the  temperature  gradient  increases  the  crack  spreads,  with  many 
pauses,  in  the  axial  direction.  Almost  always  after  the  first  crack  fdrms^ 
after  a  certain  time  other  cracks  follow.  Study  of  crack  microsections  and 
fracture  characteristics,  has  shown  that  the  staggered  or  skipping  character 
of  fracture  is  due  in  considerable  measure  to  material  porosity.  The  cracks 
appear  in  the  most  weakened  sections  where  tnere  are  the  largest  accumulations 
of  pores  or  other  internal  defects.  They  stop  in  the  larger  round  pores  which 
contribute  to  thermal  stress  drop.  When  the  stress  level  rises,  as  a  result 
of  the  increase  in  the  temperature  gradient,  the  crack  again  begins  to  spread 
to  new  rounded  .  -res  where  it  becomes  sequentially  localized. 

Small  cylindrical  samples,  4-8  mm  diameter  and  16-EO  mm  high,  were  tested 
in  nonstatiohary  heating  and  cooling  conditions  on  the  test  set-up  which  was 
described  in  paragraph  of  this  chapter.  The  following  refractory  materials 
were  tested  for  tr-rmai  impact  and  thermal  fatigues  special  porcelain, 
porcelain,  starting  glass  and  glass-based  Gitall,  aluminum  oxide  containing 
titanium  oxide,  produced  by  casting.  Silicon  carbide,  aluminum  oxide, 
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magnesium  oxide  and  calcium  zirconate ,  made  by  powder  metallurgy,  were  alio 
tested.  (The  chemical  composition  and  physical-mechanical  properties  of 
most  of  these  materials  are  given  in  Tables  1 5  and  16), 

Vfhen  the  materials  were  tested  for  thermal  impact,  that  is  in  a  single 
Heat  change,  the  failing  difference  was  determined  by  gradually  increasing 
the  sample  temperature  while  maintaining  the  rate4  density  and  temperature 
(.330-546°)  of  the  cooling  air-water  mixture.  Initially  the  thermal  stability 
limits  were  determined  By  approximation.  Samples  were  tested,  for  example, 
at  1 5C0-1 600°K.  If  it  appeared  that  samples  did  not  fail  at  temperatures 
belbw  IpCOCK  and  failed  at  1600°K,  then  it  was  not  necessary  to  test  them 
at  temperatures  above  l500°K  and  below  1366°K.  Later  the  temperature  interval 
was  measured  every  56  grad  and  thus  the  value  of  the  failing  temperature 
difference  was  established.  To  test  correctly  for  thermal  stability 
approximately  ten  results  per  point  are.,  necessary;  however  because  test 
results  for  small  samples  do  not  have  a  wide  scatter,  the  number  of  tests 
per  point  can  be  reduced  to  five  or  seven. 


Table  15.  Chemical  composition  of  refractories,  wt  %. 


Starting 

materials 


Si02  Al20j  Fe20j  CaO  MgO  K20  Na20  ZnO  TiOg  AlPe 


Porcelain 

55.0 

34.48 

6.34  1.24  0.26 

1.73  (in  - 

total ) 

0.62 

Special  porcelain 

4.0 

4  5.6 

0.48  1.11  O.23 

1.4  (in  0.5 
total ) 

11.46 

Starting  sitail  glass 

60.0 

16.0 

-  15.5 

1.5  1.0  - 

* 

Note:  Data  obtained  in  Institute  of 
USSR  Academy  of  Sciences. 

Silicate  Chemistry, 

Table  16.  Physico-mechanical  properties  of  refractories. 


Parameters 


Density,  kg/m^ 

Young's  modulus,  data/mm^ 

Shear  modulus,  data/mm2 

data /'mm  , 

Poisson's  coefficient,  mm? 
Bending  strength,  data/mm^ 
Compression  strength,  data/mm^ 
Linear  expansion  coefficient  at 
275-575°K,  1/grad 
Impact  viscosity  data/mm 


Starting 

sitall 

glass 


2.5- 10— 3 
7,3- 103 
306 


Material 

Special 

Sitall  Porcelain  porcelain 


2,61  -10- J 
8.7 -103 
369 


8.4- 103 
334 


78,5-10" 


1.8.10 


|63,8-10- 


4.5.10 


Notes  Data  obtained  in  Institute  of  Silicate  Chemistry, 
USSR  Academy  of  Sciences. 


Samples  -Which  did  not  fail  during  impact  tests  can  be  later  used  at 
the  same  temperature  differences  for  thermal  fatigue-  testing.  Fatigue  is 
determined  by  the  number  of  cycles  of  specified  heat  changes  which  the  sample 
withstands  until  failure.  The  heating-cooling  cycle  is  the  same  as  that  used 
in  testing  for  thermal  impact. 

Temperatures  in  the  core  or  in  the  intermediate  points  between  the  core 

and  the  surface  are  measured  with  a  platinum-platinum-rhodium  thermocouple 

0.1 -0.2  am  diameter,  the  junction  of  which  is  placed  in  ah  O.p  nan  diameter 

opening  and  fused  with  silver.  A  good  bond  was  thus  achieved  between  the 

thermocouple  junction  and  the  sample  material.  The  surface  temperature  of 

the  sample  was  also  measured  by  a  thermocouple,  the  junction  of  which  was 

\ 

tied  with  a  zirconium  thread.  The  thermoelectroces  were  insulated  with 
alundum  capillaries.  Each  sample  was  carefullv  examined  before  testine  and 


HJ 


Table  17.  Thermal:  stability  of  small  cylindrical  samples. 


Material 


wgO 

SiC 

A12C>5  +  1%  Ti02 
Special  porcelain 
Special  porcelain 
Porcelain 
:'6fcelain 
lorcelaih 
Starting  sitallj^ 
Seta! 


1 

2 

5 

range. 

vi/m?grad 

vt/m^grad 

vt/m^grad 

1235 

318 

1573 — 33S 

1 155 

— 

318 

— 

!  473~33$ 

1285 

— 

318 

|  1023-338 

635 

— 

— 

720 

j  973—338 

1280 

222 

! 

j  1018-338 

1140 

— 

— 

720 

j  H  78— 338 

750 

222 

— 

~ —  1 

J 

1098—338 

700 

— 

31 S 

j 

1038-336 

615 

720  j 

953-338 

535r 

318 

—  I 

873—338 

655 

—  ’ 

3i8 

— 

993-338 

Test  temperature 
range ,  K 


after  each  heat  change.  Failure  was  fixed  according  \e  appearance  of  cracks 

detected  under  a  microscope*  ’ 

Small  samples  were  tested  for  thermal  stability  under  thermal  impact  and 

thermal  fatigue  conditions  at  the  following  heat  exchange  coefficients: . 

oC  gj?  222  oC  ^516  and  j?L*£c  720  vt/m2  x  grad  (119).  The  results  obtained 

>  V.  3 

in  testing  materials  under  heat  impact  conditions  are  shown  in  Table  17  in 
which  A  designates  the  failing  temperature  difference. 

Analysis  of  the  obtained  results  show  that  of  the  materials  investigated 
those  most  resistant  to  thermal  impact  are  aluminum  oxide,  magnesium  oxide, 
silicon  carbide,  special  porcelain  and  aluminum  oxide  plus  titanium  oxide. 

The  failing  temperature  difference  for  these  materials  was  in  the  1150-1*C0°K 
range, 

A  steady  decrease  in  resistance  at  thermal  impact  was  observed  when  the 

a* 

heat  exchange  coefficient^ was  increased.  Thus,  for  special  porcelain  a  change 
in  heat  exchange  coefficient  from  222  to  720  vt/a2  •  grad  produced  a  decrease 
in  temperature  failing  difference  of  140  grad.  A  similar  tendency  was 
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determined  also  for  porceiaih  which  was  tested  at  heat  exchange  coefficients 
of  c<-  =  222;  518  and  720  vt/m"  •  grad.  The  drop  in  the:  failing  temperature 
difference  in  relation  to  the  value  of  the.  failing  temperature  difference  at 
*  =  22£vt/ffi2  •  gradient  was  50  and  155  grad.  In  all  cases  the  temperature 
of  the  air-water  cooling  mixture  was  constant  aha  approximately  558°K. 
Apparently  the  tendency  to  the  drop  in  thermal  resistance  when  the  heat 
exchange  coefficient  was  increased  was  general. 


0  2  4  6  8  tO  12  N,min/ibi 


Fig.  109;  Relationship  of  thermal  stability  to  number  of  cycles  tc 

breakage  at  heat  exchange  coefficient 'sC*  =  31$  vt/m^  •  grad: 

1  -  silicon  carbide; 

2  -  aluminum  oxide; 

3  -  magnesium  oxide; 

4  -  porcelain 

The  great  difference  in  the  values  of  failing  temperature  differences 
for  porcelain  and  special  porcelain  is  explained  by  the  effect  on  thermal 
resistance  of  such  factors  as  the  method  of  producing  the  material,  the 
grain  size  of  the  initial  structural  component  (special  porcelain  has  a 
finer  grained  structure),  sample  size  (the  porcelain  sample  diameter  was 
p.p  Ban  and  the  special  porcelain  -  4  mm).  When  the  sample  diameter  was 
lower  under  otherwise  equal  conditions^ the  value  of  the  failing  temperature 
difference  increased.  For  example,  tests  of  porcelain  atoC.*  8  vt/m^  ♦  grad 
showed  that  the  failing  temperature  difference  with  a  sample  diameter  decrease 
(7;  4.5  ahd  4  mm)  increased  at  an  average  by  40*. 


'Fig.  1 Q9  gives  test  results  for  thermal  fatigue  of  pressed  silicon 
carbide,  aluminum  oxide,  magnesium  oxide  ahd  cast  porcelain  at  a  constant 
heat  exchange  coefficient cC*  =  pl8  vt/m-  •  grad.  The  failure  of  samples  in 
most  cases  was  observed  both  along  the  generatrix  as  well  as  perpendicular 
to  it. 
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5.  Thermal  Stability  and  Heat  protecting  Properties  of  Some  Nohmetallic 
Coatings 

The  necessity  for  protecting  structural  materials  from  the  destructive 
effect  of  ah  aggressive  (oxidizing)  atmosphere  led  tc  the  development  of 
possible  heat  resistant  protective  coatings,  which  affect  the  strength  and 
efficiency  of  the  base  material  both  as  a  result  of  the  process  by  which 
they  were  applied  as  well  as  by  the  physical-mechanical  properties  of  the 
coatings.  The  criterion  of  the  effectiveness  cf  the  neat  protecting 
coatings  applied  is  their  maintenance  of  mechanical  properties  stability  in 
the  protected  structural  materials  at  high  temperatures  and  ih  corresponding 
aggressive  atmospheres. 

Inasmuch  as  coatings  during  use  are  most  frequently  subjected  to  sudden 
heat  changes,  they  should  have  a  high  thermal  stability  along  With  their 
insulating  properties.  An  evaluation  of  the  thermal  impact  resistance  and 
the  heat  protecting  properties  of  some  nenmetallic  coatings  ih  an  oxidizing 
atmosphere  under  conditions  of  intensive  honstationary  thermal  loading  was 
made  on  a  test  stand  with  an  elliptical  heating  device.  Heat  was  produc'd 
by  focused  radiant  energy,  cooling  by  an  air-water  mixture  vortex.  The 
samples  consisted  of  St.  5  steel  cylinders,  ?  mm  diameter  and  20  mm  high, 


coated  with  aluminum  oxide. 

It  was  determined  that  in  the  substrate-coating  combination  the 
resistance  of  the  Coating  to  sudden  heat  changes  was  low.  This  apparently 
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W8 s  due  to  the  fact  that  the  thermal  expansion  coefficient  of  the  metallic 
substrate;  is  much  higher  than  that  of  the  coating,  arid  also  because  the 
adhesive  binder  becomes  weakened  by  the  sydderi  heat  changes.  All  of  the 
failed  samples  had  cracks  which  were  oriented  along  the  generatrix.  At 
1 590-1 6o6°Kj  due  to  metal  oxidation^ the  coating  lost  its  bond  with  the 
substrate,  cracked  and  crumbled. 


The  heat  protecting  properties  of  some  coatings  were  tested  oh 
molybdenum.  Samples,  5  mm  diameter  and;‘20  mm--high,  had  three  different 
types  of  coatings  (Fig.  1-10):  alyuirium  oxide  (solid  line),  silicon 
(dotted  line)  and  boron  (dot-arid^dash  line).  Samples  were  heated  to  19C0°K. 
Curves  of  the  surface  temperature  growth  and  differences  in  the  temperature 
of  the  surface  ahd  core  show  that  the  best  coating  for  heat  protection  is 
aluminum  oxide. 


Samples  made  of  molybdenum  alloy  TsM-5  with  -  -Si-layer  protective  coatings 
were  tensile  tested  in  ah  air  oxidating  atmosphere.  The  first  layer  of  the 
cbatirig,  directly  applied  onto  the  substrate  By  thermodif fusion,  is  a 
molybdenum  disilicide  Mo Si 2,  mixed  with  ammonium  chloride  powder;  the  second 
■(outer )  layer  was  of  two  types  --  enamel  (lOjS-Zrp1 +  ’60^  ZrOj  +  30J&-  fusible 


glass)  or  hafnium  dioxide  HfOg.  The  micro structure:-  of  these  coatings  is 


somewhat  different  due  to  the  way  ih  which  they  were  applied  and  their 
subsequent  heat  treatment.  After  the  enamel  was  applied  it  was  baked  at 
1 856-1 900°K  for  two  hours  in  a  hydrogen  atmosphere.  During  the  baking  process 
secondary  diffusion  processes  occur  between  the  molybdenum  disilicide 
coating  arid  TsK-5  alloy.  This  results  in  the  formation  of  silicides  with  a 
lower  silicon  content,  ahd  a  zone  caused  by  the  interaction  of  the  molybdenum 
disilicide  with  the  enamel  forms  on  the  boundary  with  the  enamel.  In  add! tic 
bakine  brines  on  recrvstallization  of  the  base  TsM-5  material. 


Vihen  the 


hafnium  dioxide  was  applied «  the  sample  was  not  heated  and  no  significant 
secondary  thermodiffusion  processes  were  observed  in  it. 


25  % cek  i 

Fig.  1i0.  Heat-reflecting  properties  of  coatings  applied  to  molybdenums 

1  -  silicon; 

2  -  boron; 

5  -  aluminum  oxide; 

4  •=  temperature  difference  between  sample  surface  and  core. 


The  short-term  strength  on  samples  with  these  coatings  was  determined 
as  follows  after  JGO  sec  of  holding  without  load  at  1 900=25Q0®ki  gradually 
bringing  the  sample  closer  to  the  focal  plane  of  the  solar  furnace  (samples^ 
were  tested  on  a  stand  with  a  solar  furnace  described  in  section  five, 
Chapter  III),  it  was  heated  to  the  specified  temperature  (to  avoid  cracking 
the  coating  as  a  result  of  thermal  impact  the  heating  rate  did  not  exceed 
JO  grad/sec),  then  it  was  held  for  JCO  sec  at  a  constant  temperature  without 
load.  After  the  holding  time  elapsed  the  samples  failed.  Test  results  are 
shown  on  Fig.  111.  Tensile  strength  was  calculated  on  the  starting  section 
of  the  base  material,,  measured  before  the  coating  was  applied. 


Preliminary  data  showed  that  samples  coated  with  MoSi,  +  HfC_  had  a 
higher  heat  re si  stance ,  therefore  they  were  tested  at  2100  ahd  2*Q0®K. 

At  these  temperatures  and  yOO  sed  holding  time,  the  coatings  remained 
unchanged,  sample  strehgin  charigeo  very  slightly  and  remained  at  a  high 


level. 


Samples  coated  with  Mo3i2  +  enamel  at  1 900-220Q°X  had  a  much  lower 
tensile  strength,  increasing  the  testing  temperature  from  1900  to  2200°K 
at  the  same  holding  time  to  failure  ('500  sec)  greatly  lowers  its  strength. 

This  is  attributed  to  the  ei feet  of  high  temperature  baking  during  the 
application  of  enamel  (the  interaction  of  the  coating  layers  between  themselve 
and  the  base  material,  its  recfystallizatioh  ahd  so  forth).  Also,  after 
bakingj  the  ehaael  has  much  lower  heat  insulating  qualities  than  the  sprayed-dn 
hafnium  dioxide,  thus  the  enamel-  coating  to  a.  lesser  degree  prevents 
heat-through  of  the  substrate  material^ 

6Mh/mV-A  j  • Woie*  1 

J  •  - 
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Fig.  Ill*  Temperature  dependence  of  tensile  strength  of  coated  TsK-p 
alloy  samples  after  holding  pod  seconds. 

1  -  samples  coated  with  MoSi^  +  HfG-; 

2  —  samples  coat*''’  with  HoSi^  %  ehaSel. 


iests  showed  that  sample  strength  depends  on  the  thickness  of  the 
protective  coating.  The  results  obtained  at  2pOG°K  and  JOO  sec  holding 
time  show  that  the  strength  chops  greatly  when  the  thickness  of  the 
MoSig  +  Hf02  coating  is  decreased  from  6.J5  to  0. Ip  mm. 


From  the  standpoint  of  gas  permeability  -the- thickness  of  the  applied 
coatings  is  also  important,  inasmuch  as  tests  were  conducted  in  sn 
oxidizing  atmosphere.  Visual  examination  of  the  samples  during  testing 
and  after  their  failure  showed  the  presence  of  air  oxygen  diffusion  through 
the  enamel  coating;  the  samples  "fame"  due  to  the  precipitation  of  gaseous 
oxidation  products  of  the  base  material,  and  in  individual  samples  ah 
annular  gap  was  detected  between  the  enamel  and  the  base  after  testing. 

A  similar  phenomenon  was  not  observed  on  the  samples  coated  with  hafnium 
dioxide. 

A  comparison  of  the  durability  of  the  coatings  made  during  thermal 
impact  is  quite  interesting.  To  do  this,  samples  were  placed  in  the  focal 
plane,  shielded  with -a  screen,  of  a  solar  furnace t  Then  the  shielding  screen 
was  momentarily  removed  and  -a  heat  radiation  of  approximately  10, §00  kvt/a^ 
fell  oh  the  sample.  The  enamel  almost  immediately  cracked  across  the  entire 
heated  surface;  the  coating  of  hafnium  dioxide,  as  a  rule,  had  a  higher 
thermal  stability  under  these  conditions. 

The  plastic  properties  of  enamel  are  also  worse  than  those  of  hafnium 
dioxide.  Transverse  cracks  and  spalls,,  forming  as  result  of  the  different 
plasticity  of  the  enamel  and  TsM-p  alloy,  were  very  evident  on  the  enamel 
samples  after  testirigi  This  was  not  observed  on  the  samples  with  the 


iprayed-oh  hafnium  dioxide. 

Because  under  actual  conditions  pieces  with  heat  insulating  coatings 
are  subjected  to  mechanical  loads,  the  effect  of  stress  state  on  corrosion 
failure  and  strength  of  coated  samples  was  determined.  Fig.  1 1 2  shows  the 
relationship  of  strength  to  the  previously  applied  tensile  load  level  for 
samples  of  TsK-J  allny  coated  with'  MoSip  +  HfGj  at  2100  and  2500°K.  The 
experiment  was  conducted  according  to  the  method  described  above.  However 
before  heating^ the  sample  was  subjected  to  tensile  forces,  which  were  then 


automatically  maintained  at  a  steady  rate  for  JOG  sec  using  a  load  stabilizing 
device  described  in  paragraph  five,  Chapter  III. 


6  ,daH/ km2 


0  6  lZP,daH/MMe 

Fig.  112.  Tensile  strength  of  preheated  TsM-J  alloy  samples  coated  with 
MoSig  +  Hfpg: 


1  -  at  21 CC°K; 

2  -  at  2JC0OX. 


Test  results  indicate  that  prior  loading  of  samples  at  2lC0°X  up  to 
of  short-term  failing  lead,  produces  no  significant  streps  relief. 

Yi'hers  testing  temperature  is  increased  to  2J00°XJ  an  increased  sensitivity  to 
defects  in  the  material  is  noted  in  the  loaded  sample.  However  in  qualitative 
samples  the  failing  load  after  JOG  sec  remained  sufficiently  high,  which 
reflects  the  large  strength  reserve  of'  the  structural  elements  which  have 
the  described  coating. 

It  is  necessary  to  note  the  large  scattering,  cf  experimental  data.,  which 
apparently  is  due  tc  the  heterogeneity  of  the  structure  cf  the  cold-worked 
TsK-p  alloy,  as  well  as  the  different  costing  thickness,  which  has  a  .great 
effect  on  the  strength  of  the  samples.  In  addition^  TsM-5  alloy  is  susceptible 
to  dispersion  hardening  due  to  carbide  formation,  which  in  turn,  is  related 
to  many  factors  and  therefore  was  reflected  variously  on  different  samples. 
This  can  be  explained  by  the  observed  increase  in  strength  in  samples  coated 
with  SiOp  +  enamel  at  testing  temper ature2000 °K  for  kjb  sec  and  coated  with 
MoSig  +  KfO„  at  2100°X  for  400  sec  (see  Fig.  111).  Apparently  the 


m 


recrvstallized  structure  of'  the  sables  after  the  enamel  is  taiced  has  a 
lesser  strengthening  effect  than  the  deforced  structure  coated  viitn 


Thus,  tests  indicated  that  heat  protected  coatings  comprised  of  a 
thefmddif fusion  layer  of  KoSi „  and  a  sprayed-cn  hafnium  dioxide  are  more 
effective  and  reliable  than  a  fcilayer  coating  of  Hoaig  and-  ehaceli. 
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